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ABSTRACT 
Background: Metric discriminant function is accepted as a tool for 
prediction of sex and ancestral background. It overcomes the high cost 
and preservation difficulties related to DNA analysis. Such investigations 
are lacking in the Sudan and the Arab world.  
Objectives: To develop discriminant function equations for 
determination of sex and ancestral affiliation using cranial osteometric 
measurements from Nubia, Kerma and computed tomography of the 
skulls of recent Northern Sudanese. Sex differences in old and recent 
Northern Sudanese crania will be compared with published series. 
Ancestral relation between recent Northern Sudanese, Old Sudanese and 
other populations will be explored.  
Material and Methods: Fifty eight measurements for 187 crania from 
Nubia (129 males, 58 females), seventy measurements for 179 crania 
from Kerma (83 males, 96 females) and seven radiological measurements 
for 110 crania from recent Northern Sudanese crania (69 males, 41 
females) were recorded by the author using standard techniques. Data 
from published work were used for comparison with the three study 
groups. Intra and inter observer errors were catered for statistically. 
Various orders of statistical analysis were made using SPSS and PAST 
softwares. 
Results: Males had statistically significantly greater measurements than 
females. Complete crania showed a high degree of sexual discrimination 
with 88.7%, 90.2%, 81.8% success for Nubians, Kermans, and recent 
Sudanese respectively. The face showed discrimination in 83.2% of 
Nubians, 90.2% of Kermans and 70 % of recent Northern Sudanese. The 
vault showed discrimination in 82.4% in Nubia, 82.5% in Kerma and 
VIII 
 
78.2% in recent Northern Sudanese. The base showed discrimination in 
83.3% in Nubia and 85.9% in Kerma.  
The face measurements showed the highest sexual dimorphism 
percentage in recent Northern Sudanese followed by Nubians and then 
Kermans. The vault was more sexually dimorphic in Nubians. Using 
cranial indices, the recent Sudanese showed low cephalic height index 
compared to Nubians, Kermans, Jebel Moyans and other Africans. The 
recent Sudanese had also a relatively shorter cranial base length 
compared to maximum length. The recent Northern males and females 
had almost uniform frontal profile. 
The sex specific ancestral affiliation of recent Northern Sudanese to 
Nubians and Kermans was explored. Results showed that 63 % of the 
total males and females could be assigned correctly to their ethnic group. 
Nubians and Kermans were close to each other. The recent Sudanese 
females were assigned correctly in 75.6%, while males were assigned 
correctly in 84.1%.  
Recent Sudanese were found to have closer ancestry to Africans 
especially Nubian, Kermans, and Abyssinians than to the rest of the 
world.  
Conclusions: Discriminant function equations for sex and ancestral 
affiliation determination were developed for Nubians, Kermans, and 
recent Northern Sudanese. The pattern of sexual dimorphism in recent 
Northern Sudanese is different from that of most of contemporary 
populations. There is some degree of close ancestral relationship between 
Nubians and Kermans. Although there is some degree of commonality 
between the recent Northern Sudanese, Kermans and Nubians, yet there is 
obvious obtained discrimination accuracy in recent Northern Sudanese 
which may suggest some different ancestry. This study showed that 
IX 
 
recent Northern Sudanese tribes are not pure as they have some features 
in common with old Nubians and Africans.  
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  اﻟﺪراﺳﺔ ﻣﺴﺘﺨﻠﺺ
  :اﻟﻤﻘﺪﻣﺔ
ﻬﺎ ﺗﺘﺠﺎوز آﻤﺎ أﻧ. اﻹﺛﻨﻴﺔ ﻟﺠﻨﺲ واﻷﺻﻮلآﺂﻟﻴﺔ ﻟﺘﺤﺪﻳﺪ ا ﻣﻘﺒﻮلإﺳﺘﻌﻤﺎل اﻟﻤﻌﺎدﻻت اﻟﺮﻳﺎﺿﻴﺔ 
وﻗﺪ ﺗﻼﺣﻆ ﻋﺪم وﺟﻮد أى  .ﻣﺸﺎآﻞ اﻟﺘﻜﻠﻔﺔ اﻟﻌﺎﻟﻴﺔ واﻟﺤﻔﻆ اﻟﺠﻴﺪ اﻟﻤﺮﺗﺒﻄﺔ ﺑﺘﺤﻠﻴﻞ اﻟﺤﻤﺾ اﻟﻨﻮوى
                   .      و ﻓﻰ اﻟﻌﺎﻟﻢ اﻟﻌﺮﺑﻰ ﺎدﻻت ﻓﻲ اﻟﺴﻮداندراﺳﺔ ﻣﻨﺸﻮرة ﺑﺈﺳﺘﻌﻤﺎل هﺬﻩ اﻟﻤﻌ
                                                                                                 :اﻻهﺪاف   
ﺗﻢ إﺳﺘﺨﺪام اﻟﻘﻴﺎﺳﺎت اﻟﻌﻈﻤﻴﺔ ﻟﻠﺠﻤﺎﺟﻢ ﻹﻳﺠﺎد اﻟﻤﻌﺎدﻻت اﻟﻤﺜﻠﻲ ﻟﺘﺤﺪﻳﺪ اﻟﺠﻨﺲ واﻟﺨﻠﻔﻴﺔ اﻹﺛﻨﻴﺔ ﻟﺪى 
آﺬﻟﻚ إﻳﺠﺎد اﻟﻘﻴﺎﺳﺎت  . ﻗﺎﻃﻨﻲ ﻣﻨﻄﻘﺔ ﺷﻤﺎل اﻟﺴﻮدان اﻟﺤﺎﻟﻴﻴﻦ ﺑﻌﺾ ﻜﺮﻣﺔ واﻟآﻞ ﻣﻦ اﻟﻨﻮﺑﺔ و
 آﻤﺎ ﺗﻤﺖ ﻣﺤﺎوﻟﺔ ﻟﺘﺤﺪﻳﺪ اﻻﺻﻮل اﻻﺛﻨﻴﺔ .ﺑﻴﻦ اﻟﺠﻨﺴﻴﻦ وﻣﻘﺎرﻧﺘﻬﺎ ﻣﻊ اﻟﻌﺎﻟﻢاﻷآﺜﺮ إﺧﺘﻼﻓًﺎ 
               .                                                                              ﻟﻠﺴﻮداﻧﻴﻴﻦ اﻟﺸﻤﺎﻟﻴﻴﻦ
  :وﺳﺎﺋﻞ اﻟﺪراﺳﺔ
ﺟﻤﺠﻤﺔ  971 وأﻧﺜﻲ  85ذآﺮ و 921ﻟـ ﻣﻦ ﻣﻨﻄﻘﺔ اﻟﻨﻮﺑﺔ اﻟﺘﺎرﻳﺨﻴﺔ ﺟﻤﺠﻤﺔ  971ﺷﻤﻠﺖ اﻟﺪراﺳﺔ 
ﺻﻮر ﻣﻘﻄﻌﻴﺔ ﻟﺠﻤﺎﺟﻢ  اﻟﺸﻤﺎﻟﻴﻴﻦ اﻟﺤﺎﻟﻴﻴﻦ ﺗﺸﻤﻞ  011و أﻧﺜﻲ 69ذآﺮ و  38ﻣﻦ ﺣﻀﺎرة آﺮﻣﺔ ﻟـ 
ﺑﺎﻹﺿﺎﻓﺔ ﻹﺳﺘﺨﺪام ﻗﻴﺎﺳﺎت ﻋﺪد ﻣﻦ  ﺗﻢ ﻗﻴﺎﺳﻬﺎ ﺑﺎﻟﻄﺮق اﻟﻌﻠﻤﻴﺔ اﻟﻤﻌﺮوﻓﺔ أﻧﺜﻲ 14ذآﺮ و 96
وﻗﺪ ﺗﻤﺖ ﻣﺮاﻋﺎة ﻋﺪم وﺟﻮد اﺧﺘﻼف ﻓﻰ .اﻟﺠﻤﺎﺟﻢ ﻣﻦ اﻷوراق اﻟﺒﺤﺜﻴﺔ اﻟﻤﻨﺸﻮرة ﻋﺎﻟﻤﻴًﺎ ﻟﻠﻤﻘﺎرﻧﺔ 
 ﺗﺤﻠﻴﻞوﻣﻦ ﺛﻢ ﺗﻢ  اﻟﻘﻴﺎﺳﺎت واﻟﻘﺪرة ﻋﻠﻰ ﺗﻜﺮارهﺎ ﺑﻜﻔﺎءة ﻋﺎﻟﻴﺔ ﻋﻦ ﻃﺮﻳﻖ اﻟﺘﺤﻠﻴﻞ اﻻﺣﺼﺎﺋﻰ
                                              .ﺔﺑﻄﺮق ﻣﺨﺘﻠﻔ ﺑﺈﺳﺘﺨﺪام  ﺑﺮاﻣﺞ ﻟﻠﺘﺤﻠﻴﻞ اﻹﺣﺼﺎﺋﻲ اﻟﻘﻴﺎﺳﺎت
                     :اﻟﻨﺘﺎﺋﺞ  
ﻠﺬآﻮر ﺑﺼﻔﺔ ﻋﺎﻣﺔ ﻗﻴﺎﺳﺎت أآﺒﺮ ﻣﻦ اﻟﻨﺴﺎء ،ﻣﻦ ﺛﻢ ﺗﻢ إﺳﺘﺨﺮاج ﻣﻌﺎدﻻت رﻳﺎﺿﻴﺔ ﻟﺘﺤﺪﻳﺪ ﻟوﺟﺪ أن 
اﻟﺸﻤﺎﻟﻴﻴﻦ  ﻜﺮﻣﺔ و اﻟﺴﻮداﻧﻴﻴﻦاﻟﻟﻜﻞ ﻣﻦ اﻟﻨﻮﺑﺔ و% 8.18و 2.09%و% 7.88اﻟﺠﻨﺲ ﺑﻨﺴﺒﺔ ﻧﺠﺎح 
آﻤﺎ ﺗﻢ إﺳﺘﺨﺮاج ﻣﻌﺎدﻻت ﻟﺘﺤﺪﻳﺪ . وﺟﻮد ﺟﻤﺎﺟﻢ آﺎﻣﻠﺔ  ﺔﻓﻲ ﺣﺎﻟ و ذﻟﻚ ﻋﻠﻲ اﻟﺘﻮاﻟﻲاﻟﺤﺎﻟﻴﻴﻦ 
اﻟﺠﻨﺲ ﻓﻲ ﺣﺎل ﻋﺪم وﺟﻮد اﻟﺠﻤﺠﻤﺔ آﺎﻣﻠﺔ وﻗﺪ وﺻﻠﺖ ﻧﺴﺒﺔ ﻗﺪرﺗﻬﺎ ﻋﻠﻲ ﺗﺤﺪﻳﺪ اﻟﺠﻨﺲ ﻓﻲ ﺣﺎﻟﺔ 
ﻟﺪى اﻟﺸﻤﺎﻟﻴﻴﻦ %  07ﻜﺮﻣﺔ و اﻟﻟﺪى % 2.09ﻟﺪى اﻟﻨﻮﺑﺔ و % 2.38وﺟﻮد اﻟﻮﺟﻪ ﻓﻘﻂ إﻟﻲ 
ﻋﻠﻲ % 8.87و% 5.28و% 4.28ﺟﻮد ﺻﻨﺪوق اﻟﻤﺦ ﻓﻘﻂ ﻓﻜﺎﻧﺖ اﻟﻨﺘﻴﺠﺔ أﻣﺎ ﻓﻲ ﺣﺎﻟﺔ و. اﻟﺤﺎﻟﻴﻴﻦ 
ﻟﺪى % 9.58ﻟﺪى اﻟﻨﻮﺑﺔ و%  3.38وﺟﻮد ﻗﺎع اﻟﺠﻤﺠﻤﺔ ﻓﻘﻂ ﻓﻜﺎﻧﺖ اﻟﻨﺴﺒﺔ  أﻣﺎ ﻓﻲ ﺣﺎﻟﺔ. اﻟﺘﻮاﻟﻲ 
ﻣﻘﺎرﻧﺔ  وﺟﺪ أن اﻹﺧﺘﻼﻓﺎت اﻟﺠﻨﺴﻴﺔ ﻓﻲ ﻣﻨﻄﻘﺔ اﻟﻮﺟﻪ هﻲ أﻋﻠﻲ ﻋﻨﺪ اﻟﺴﻮداﻧﻴﻴﻦ اﻟﺤﺪﻳﺜﻴﻴﻦ .ﻜﺮﻣﺔاﻟ
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ﺟﻢ ﻃﻮﻳﻠﺔ ﻣﻘﺎرﻧﺔ ﺎاﻷﻣﺎآﻦ آﻤﺎ وﺟﺪ أن اﻟﺴﻮداﻧﻴﻴﻦ اﻟﺸﻤﺎﻟﻴﻴﻦ ﻟﺪﻳﻬﻢ ﺟﻤ اﻟﻘﺎﻃﻨﻴﻴﻦ ﻓﻲ ذات ﺑﺄﺳﻼﻓﻬﻢ
أن اﻟﻨﻮﺑﺔ وآﺮﻣﺔ واﻟﺸﻤﺎﻟﻴﻴﻦ اﻟﺤﺪﻳﺜﻴﻴﻦ ﻳﺸﺒﻬﻮن  و. ﺑﺈرﺗﻔﺎﻋﻬﺎ إذا ﻣﺎ ﻗﻮرﻧﺖ ﺑﺎﻟﻤﺠﻤﻮﻋﺎت اﻷﺧﺮى
 .ﻣﻌﻈﻢ ﻣﻨﺎﻃﻖ ﺷﺮق  وﺷﻤﺎل إﻓﺮﻳﻘﻴﺎ ﻓﻲ ﻧﺴﺒﺔ إرﺗﻔﺎع اﻟﺠﻤﺠﻤﺔ ﻣﻊ ﻃﻮﻟﻬﺎ 
اﻇﻬﺮت اﻟﻨﺘﺎﺋﺞ اﻧﻪ ﻳﻤﻜﻦ ﺗﺤﺪﻳﺪ  ﻴﻦ اﻟﻤﺠﻤﻮﻋﺎتﺑ ﻟﻠﻤﻘﺎرﻧﺔ ﻋﻨﺪ إﻋﺘﻤﺎد اﻟﺠﻨﺲ آﻌﺎﻣﻞ ﻣﺤﺪد
ﻜﺮﻣﺔ اﻟآﻞ ﻣﻦ اﻟﻨﻮﺑﺔ و ﻟﺪى وﺟﺪ أنآﻤﺎ %. 36ﻟﻠﺬآﻮر و اﻻﻧﺎث ﺑﻨﺴﺒﺔ ﻧﺠﺎح اﻹﺛﻨﻴﺔ اﻟﻤﺠﻤﻮﻋﺔ 
ﻓﻲ ﺣﻴﻦ أن اﻟﺸﻤﺎﻟﻴﻴﻦ  .اﻟﻌﺪﻳﺪ ﻣﻦ اﻟﺴﻤﺎت اﻟﻤﺸﺘﺮآﺔ ﻣﻤﺎ أﺛﺮ ﻋﻠﻲ ﻋﻤﻠﻴﺔ اﻟﻔﺼﻞ ﺑﻴﻨﻬﻤﺎ ﺣﺴﺎﺑﻴًﺎ
ﻣﻘﺪر ﻣﻦ اﻹﺧﺘﻼف ﻣﻦ اﻟﻘﺪاﻣﻲ ﻳﻈﻬﺮ ﺑﺼﻮرة أوﺿﺢ ﻓﻲ اﻟﺮﺟﺎل ﻣﻘﺎرﻧﺔ  ﺟﺰءاﻟﺤﺎﻟﻴﻴﻦ ﻟﺪﻳﻬﻢ 
آﻤﺎ وﺟﺪ أن ﻟﺪى  .ﻟﻠﻨﺴﺎء% 6.57ﻟﻠﺮﺟﺎل و % 1.48ﺑﻨﺴﺒﺔ ﻧﺠﺎح ﻓﻰ اﻟﺘﻤﻴﻴﺰ ﺗﺼﻞ اﻟﻰ  ﺑﺎﻟﻨﺴﺎء
 (ﺧﺼﻮﺻﺎ ﻣﻨﻄﻘﺔ ارﻳﺘﺮﻳﺎ)  اﻟﺠﻨﺴﻴﻦ اﻟﻌﺪﻳﺪ ﻣﻦ اﻟﻘﻮاﺳﻢ اﻟﻤﺸﺘﺮآﺔ ﻣﻊ ﻣﻨﻄﻘﺔ ﺷﻤﺎل وﺷﺮق أﻓﺮﻳﻘﻴﺎ
                                     .ﺳﻂ وﻏﺮب أﻓﺮﻳﻘﻴﺎ أآﺜﺮ ﻣﻦ ﻣﻨﻄﻘﺔ ﺁﺳﻴﺎ وﺟﻨﻮب وو
  :     اﻟﺨﻼﺻﺔ
ﺗﻢ اﺳﺘﻨﺒﺎط ﻣﻌﺎدﻻت رﻳﺎﺿﻴﺔ آﻔﻴﻠﺔ ﺑﺘﺤﺪﻳﺪ اﻟﺠﻨﺲ واﻻﺻﻮل اﻻﺛﻨﻴﺔ ﻟﻜﻞ ﻣﻦ اﻟﻨﻮﺑﺔ واﻟﻜﺮﻣﺔ 
آﻤﺎ ان اﻻﺧﺘﻼﻓﺎت اﻟﺠﻨﺴﻴﺔ ﻟﺪى اﻟﺴﻮداﻧﻴﻴﻦ اﻟﺸﻤﺎﻟﻴﻴﻦ . وﺑﻌﺾ اﻟﺴﻮداﻧﻴﻴﻦ اﻟﺸﻤﺎﻟﻴﻦ  اﻟﺤﺎﻟﻴﻴﻦ
هﺬﻩ اﻟﺮﺳﺎﻟﺔ وﺟﻮد ﺻﻼت أآﺪت . ﺑﻌﺾ دول  اﻟﻌﺎﻟﻢ اﻟﺨﺎرﺟﻰ ﻣﺜﻴﻼﺗﻬﺎ ﻓﻰاﻟﺤﺎﻟﻴﻴﻦ ﺗﺨﺘﻠﻒ ﻋﻦ 
آﻤﺎ اﻇﻬﺮت اﻧﻪ ﻋﻠﻰ اﻟﺮﻏﻢ ﻣﻦ وﺟﻮد ﺑﻌﺾ اﻻﺻﻮل اﻻﺛﻨﻴﺔ . اﺛﻨﻴﺔ وﺛﻴﻘﺔ ﺑﻴﻦ اﻟﻨﻮﺑﺔ و اﻟﻜﺮﻣﺔ
اﻟﺘﻰ ﻣﺎ زاﻟﺖ ﺗﺮﺑﻂ اﻟﺴﻮداﻧﻴﻴﻦ اﻟﺸﻤﺎﻟﻴﻴﻦ اﻟﺤﺎﻟﻴﻴﻦ  ﺑﻤﻨﻄﻘﺔ اﻟﻨﻮﺑﺔ اﻟﻘﺪﻳﻤﺔ اﻻ اﻧﻪ ﺗﻮﺟﺪ اﺧﺘﻼﻓﺎت 
هﺬﻩ اﻟﺪراﺳﺔ اﻧﻪ ﻟﺪى أوﺿﺤﺖ  .ﻳﺮﺟﺢ ورود ﻋﻨﺼﺮ اﺛﻨﻰ ﺟﺪﻳﺪ اﻟﻰ اﻟﻤﻨﻄﻘﺔ واﺿﺤﺔ ﺑﻴﻨﻬﻢ ﻣﻤﺎ
 .اﻟﺴﻮداﻧﻴﻴﻦ اﻟﺸﻤﺎﻟﻴﻴﻦ اﻟﺤﺎﻟﻴﻴﻦ اﻟﻌﺪﻳﺪ ﻣﻦ اﻟﺼﻔﺎت اﻟﻤﺸﺘﺮآﺔ ﻣﻊ اﻻﻓﺎرﻗﺔ
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CHAPTER 1  
INTRODUCTION AND LITERATURE REVIEW 
1.1. INTRODUCTION 
The human body is basically composed of soft and hard tissues. The latter 
comprises the skeleton which is predominantly made up of bones. Bone is 
a form of dense connective tissue with an ossified matrix. This allows 
bones to be preserved partially or completely following death. This 
explains the reason of their utilization in different studies designed to 
understand specific characteristics of various nations and appreciate the 
evolution of specific population. Measurements of the different bony 
dimensions are used to detect specific population standards.  These can  
be used with high accuracy to predict the race, sex, age and stature (1). 
The specific characteristics of a certain skeleton make a person unique 
and thus different from another individual, since they reflect ante-mortem 
health, trauma, and anomalies (2).      
The determination of sex is not a difficult problem for a scientist, if a 
complete skeleton is available. But this is not always the case, since 
usually only part of the remains exists. This part can belong to crania or 
postcrania but even in such situations, the determination of sex can be 
made reliably by performing certain measurements (3, 4). 
With the recent advances of modern molecular science and the ease with 
which DNA can be obtained and analyzed, the question arises as to 
whether there is a real need for osteometric analysis. This question is 
answered by the results of a study conducted by Kemkes-
Grottenththeler(5). In this study a whole skeleton was subjected to 
osteometric analysis and the findings compared to results obtained using 
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DNA fingerprinting techniques. The author found that the two techniques 
arrived at the same conclusions but cannot replace each other, because the 
osteometric techniques gave more rapid results than their DNA 
counterparts and also provided information about the stature and 
evolution. The other issue is that the preservation of DNA in bones is a 
complicated matter as it is affected by various factors (e.g. environmental 
as humidity) which make its extraction a bit difficult, in addition to the 
need of high precautions to avoid contamination, and facilities for 
extraction. These factors make osteological techniques a valid tool 
especially on dealing with old remains where DNA degradation is 
marked.  
The Sudan is the largest African country with a special geographic 
location making it a meeting point for various immigrants from different 
ethnic groups each with complex demographic characteristics. The 
northern part of Sudan and the southern part of Egypt were historically 
known as Nubia which was inhabited by the Nubian population who still 
has a lot of similarities. This Nubian territory was exposed to waves of 
immigration from Arabs which yielded later on what is known as Arabic 
tribes.  
The Sudanese population can be divided into three categories depending 
on their linguistic classification namely:  Afro-Asiatic, Niger-
Kordofanian, and Nilo-Saharan (6, 7). This may be of value as a symbol 
of ethnic identity. Another classification is geopolitical into Arabs and 
non-Arabs or geographical as Northern part and Southern part.  
The Sudan can be considered a virgin area for research regarding the 
unmasking of the complexities of demographic characteristics attributed 
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to immigration from outside the country as well as normal evolutionary 
sequences of the inhabitants of the area.  
According to the analysis of the Y chromosome in some Sudanese tribes, 
there are many genetic differences, and the Sudanese populations fall 
mainly in groups I, II, III, &VI of the world phylogenetic tree (8). 
The ethnic grouping can also be arrived at by examining the skeletal 
characteristics of the population in question and comparing the outcome 
with the standard skeletal characteristics of the population(s) in the area. 
Currently there are no available data regarding the osteometric values of 
the Sudanese population since no studies were done in this field apart 
from few published studies using old skeletal remains as in Kerma and 
Jebel Moya  (9, 10). Sudan also is an area of a lot of exploratory research 
to elicit the history of its past, and the evolutionary changes that 
happened to the native population with admixture of other races.  
From the foregoing statements it becomes clear that osteometric analysis 
is a useful tool of research in any community. It is useful notably for 
scientific purposes, but also for therapeutic purposes i.e. prosthesis 
synthesis. It is also useful for forensic purposes particularly regarding the 
repeated war events that happened in the Sudan. Osteometric 
measurements should always be compared to reference data obtained 
from the same or different population to give useful clues. Unfortunately 
no such data is available for the modern Sudanese population and only 
few present regarding ancient ones with small number of variables used. 
It is, therefore, understandable that there is a need for studies to provide 
such data. 
In this study new standards for determination of sex in both ancient and 
recent northern Sudanese population have been developed. The study 
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provides the basic data needed for any further comparative studies using 
osteological measurements in the Sudan using old and recent groups; also 
it tests the ethnic affinity of the recent Northern Sudanese to old Nubians, 
Africans, and other populations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 5 
1.2. LITERATURE REVIEW: 
1.2.1 Skeletal Development Background: 
Skeletal development begins as mesenchymal condensations arising from 
paraxial and lateral plate mesoderm that appear early in the fetal period 
(at the end of the fourth week) and from the neural crest. These 
condensations ossify through intramembranous and endochondral 
ossification to form membrane and cartilage bones. The latter become 
chondrified and form hyaline cartilage in the shape of future bones. 
However, in both types of ossification, bone formation is similar, 
beginning with an increase in the number of cells and fibers. The cells 
differentiate into osteoblasts, which lay down an unmineralized matrix, 
the osteoid that mineralizes almost immediately. Some osteoblasts are 
trapped in the matrix around them and become osteocytes. The shape and 
manner of growth of this new bony tissue depend on the individual bone 
and are genetically determined. Embryonic bone formation involves 
woven bone formation and fine-bundled lamellar bone that replaces 
woven bone through bone remodeling is not formed until after birth(11-
14). 
1.2.1.1 Ossification: 
Intramembranous ossification forms the bulk of the future cortical bone 
shell. This forms most of the bones of the vault of the skull, many of the 
bones of the sense organs and of the facial skeleton, and parts of the 
clavicle and mandible. Fibrocellular condensations during the embryonic 
period constitute the first indication of membrane bones. Then the 
primary center of ossification of each bone appears as an increase in cells 
and fibers, and then  
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bone is apposed. Loose spicules or trabeculae are formed by osteoblasts 
and interconnect to form the primary cancellous bone (spongiosa). 
Trabeculae continue to increase in thickness and enlarge by addition to 
their free ends. Compact bone is formed when the spaces between the 
primary spongiosa are filled in by the primary osteons or Haversian 
systems (compaction). This bone is then gradually replaced by secondary 
Haversian systems or osteons(11-13, 15). 
Endochondral ossification forms the bulk of the future cancellous bone. It 
forms most of the bones at the base of the skull, the vertebral column, the 
pelvis, and the extremities. A cartilage bone begins as a mesenchymal 
condensation or blastema, which usually appears during the embryonic 
period. Cartilage cells (chondrocytes) proliferate and deposit matrix until 
a cartilage model of the future bone is formed. The cartilage mature, 
grow, and their matrix subsequently calcifies, Unresorbed calcified 
cartilage cores form the substrate in which osteoblasts appose woven 
bone to form the primary spongiosa. The spicules in the primary 
spongiosa are composed of mosaic pieces of calcified cores surrounded 
by woven bone tissue. This is later lost to be either replaced by bone 
marrow or replaced with a lamellar trabecular packet or hemiosteon as 
the secondary spongiosa, i.e., the future adult spongiosa (11-13, 15). 
1.2.1.2. Bone Growth: 
Bone is a dynamic tissue that undergoes constant alteration, repair and 
replacement throughout life, but many of its final properties are 
determined by primary growth(16, 17).  
The general growth is controlled by the combination of genetic and 
circulating systemic factors, while systemic and regional factors, 
especially mechanical usage, can modulate it locally. Longitudinal bone 
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growth adds new spongiosa to preexisting spongiosa and new length of 
cortical bone to preexisting cortex, whereas radial or periosteal bone 
growth adds new width by apposing subperiosteal bone to the cortex(16, 
17). 
1.2.1.3. Bone Modeling: 
Growth and modeling go hand in hand(18). Local influences modulate 
growth to produce functionally and mechanically purposeful architecture. 
Modeling involves resorption drifts and formation drifts that remove or 
add bone over wide regions of bone surfaces. During growth, formation 
drifts add periosteal bone faster than resorption drifts which remove 
endosteal bone. Modeling controls the growth, shape, size, strength, and 
anatomy of bones and joints. Collectively, modeling leads to increasing 
the outside cortex and marrow cavity diameters, shaping the ends of long  
bones, drifting of trabeculae and cortices, enlarging the cranial vault and 
changing the cranial vault curvature(16-18). 
Modeling allows not only the development of normal architecture during 
growth, but also the modulation of this architecture and mass when the 
mechanical condition changes. Mechanical stimulation initiates formation 
of bone to increase bone mass and strength. As the forces on bones 
increase 20 times in size between birth and maturity, modeling in the 
formation mode keeps making bones strong enough to keep their strains 
from exceeding the modeling threshold and therefore from reaching the 
microdamage threshold(16-18). 
Anabolic agents like growth hormone, parathyroid hormone, 
prostaglandins, and gonadotrophins and rigorous activity can stimulate 
early bone gain by activating formation drifts. The mechanism is 
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postulated to be due to lowering the modeling set point of the 
mechanostat (16, 17). 
1.2.1.4. Bone Remodeling: 
Bone remodeling produces and maintains bone that is biomechanically 
and metabolically competent(16). Immature (woven) bone is structurally 
inferior to mature bone. Moreover, the quality of adult bone deteriorates 
with time. Therefore, bone must replace or renew itself. The replacement 
of immature (primary) and old bone occurs by resorption, followed by 
formation of new lamellar bone, a process called remodeling. The 
products of bone remodeling are reversal (scalloped) cement lines, 
secondary osteons or Haversian systems, trabecular packets or 
hemiosteons, and interstitial lamellae (surviving fragments of bone units 
that have been partially resorbed by continual bone remodeling) (16-18). 
In humans, after 2 to 3 years of age, the immature (primary) bone during 
infancy is resorbed and replaced by secondary bone. A drastic reduction 
in the amount of bone occurs during the conversion of primary to 
secondary spongiosa (remodeling-dependent bone loss). Changes in 
architecture of bone trabeculae during the conversion of primary to 
secondary spongiosa are dramatic. Remodeling does not end with the 
replacement of primary bone, but continues throughout life. The 
secondary bone is continuously destroyed and replaced by new 
generations of bone. Assuming normal rates of adult bone turnover, 
cortical bone has a mean age of 20 years and cancellous bone 1 to 4 
years. The periodic replacement of bone (bone turnover) helps to 
maintain load bearing and the capacity of the skeleton to regulate calcium 
homeostasis and hematopoiesis and to repair structural damage(16, 17). 
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Remodeling has positive and negative effects on bone quality on the 
tissue level. It serves to remove microdamage, replace dead and 
hypermineralized bone, and adapt microarchitecture to local stresses. 
Remodeling of trabecular bone may perforate and remove trabeculae, and 
remodeling of cortical bone increases cortical porosity, decreases cortical 
width, and possibly reduces bone strength(16-18). 
1.2.2. Skull growth and development: 
The skull is broadly composed of two types of bone: neurocranium and 
viscerocranium (face). Neurocranial bones enclose a single cavity that 
surrounds the brain and is divided into vault (membranous part) and base 
(chondrocranium). The facial bones form a number of smaller cavities 
(orbital, nasal and oral) around the sense organs. The cranial cavity is 
dome shaped with a smooth convex roof (cranial vault) and an uneven 
floor (cranial base). The latter is divided into three regions - anterior, 
middle and posterior cranial fossae - that lie at progressively lower levels 
from front to back. The ventral surface of the brain lies against this base, 
which consequently contains a number of foraminae for exiting cranial 
nerves and entering and exiting vascular structures. The facial skeleton is 
suspended below the anterior and middle cranial fossae, the upper end of 
the gut tube being attached to the back of the facial skeleton anteriorly 
and suspended from the middle fossa posteriorly, while below the poste-
rior fossa lie the supporting vertebrae with their cavity (the vertebral 
canal) for the spinal cord. The degree of cervical lordosis influences the 
position of the head in relation to the cervical column and may therefore 
have a bearing on craniofacial morphology(12). 
1.2.2.1 Pattern of Growth: 
The extent to which the skull increases in size and thickness with age is 
arguable. Israel (19, 20) examined the degree of craniofacial expansion 
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occurring during ageing and reported symmetrical enlargement in all 
areas, with the exception of the skull tables, sella turcica and frontal 
sinus, enlargement in these being considerably greater than in other skull 
components. Johnson and Moore(21) reviewed the postnatal growth of 
the skull and indicated that the bones of the neurocranium follow, as does 
the developing brain they house, a 'neural growth curve', while the bones 
of the viscerocranium follow a 'somatic curve'. The face subsequently 
grows predominantly postnatally, particularly under the influence of the 
teeth and jaws, which are responsible for significant facial growth(15) . It 
is therefore not surprising to observe in the fetal skull a ratio of neurocra-
nium to viscerocranium in the order of 8:1 in at birth, and  in the 
adult,1:2.5 (22). The dimensions of the vault also increase along all three 
axes so that the contained cranial cavity expands equally. Following 
maturity, the vault bones become thicker, muscle markings become more 
prominent and there is enlargement of the superciliary arches(22). 
Parameters have also been defined which allow a measure of the growth 
of the cranial base. These include the 'basicranial axis', from the anterior 
margin of the foramen magnum to the pituitary fossa, the 'anterior 
extension' from the pituitary fossa to the nasion, and the 'sphenoethmoidal 
angle', which represents the angle between the two. The basicranial axis 
and anterior extension both follow a somatic growth curve. However, that 
of the anterior extension has been shown to follow a neural curve if 
measured to the anterior edge of the cribriform plate of the ethmoid (the 
adolescent growth spurt being attributable to an increase in thickness of 
the frontal bone). The sphenoethmoidal angle increases prenatally from 
130 to 150 degrees but after birth it decreases once more(21). At birth the 
portions of the skull base in front of the occipital condyles is 
 11 
approximately equal to the part behind them, but in the adult the front 
part is relatively longer in the proportion of 1.7:1(22).  
Parameters used to determine growth of the facial skeleton are its height, 
anteroposterior length and width. The height follows a somatic growth 
curve, but the increase in height is relatively greater than that in length, 
which is in turn greater than the increase in width(21, 22). 
It is important to note that, while the orbits functionally house and protect 
the eyeball, they make a major contribution to the facial skeleton. 
Because the eyeball is an outgrowth of the developing brain, the bones of 
the orbit, like the eye itself, follow a neural growth curve. By 
adolescence, they are fully developed, and the increase in height of the 
facial skeleton seen at that time occurs suborbitally. The enlargement of 
the maxillary air sinuses is a major contributory factor to this change. The 
increase in anteroposterior length of the facial skeleton is again least in 
the orbits, greater below the orbits in the upper face and greatest in the 
lower jaw. This mandibular growth is attributable to growth at the 
condylar cartilage(16, 22). 
The parts of the skeleton that form the same skeletal unit must exhibit 
strong interdependent growth patterns reflected by the relative similarity 
in growth patterns of variables relating to the same bone or function(21). 
The growth rate of a given bone or region may not be uniform throughout 
childhood and adolescence(22). There is a functional sequence in the 
development to adult size. This sequence is adapted to the energetic 
constraints imposed by the need to produce and maintain different tissues 
and to meet the functional demands of the child at successive stages of 
development. Thus the earliest growing cranial element is to support and 
surround the neural structures, indicating that the initial functional 
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demands of the growing child to establish the basis for full neurological 
capacities. The prolonged period between the cessation of the brain 
growth and the puberty onset is a unique feature of human growth. The 
growth of the masticatory system is reflecting the nutritional demands of 
the body and the ways in which these are required. The rapid early 
growth of the palate and mandibular body  is required for the need of 
suckling and is necessary to accommodate the teeth in the first few years 
of life(15, 21, 22).      
1.2.2.2 Growth Sites of the Skull: 
Skull grows and remodels on all its surfaces by endochondral growth, 
sutural growth, and surface accretion and erosion(22). Nevertheless, that 
site where the rate of bone deposition is greatest forms the major growth 
site for the bone. The pattern of the growth is influenced by extrinsic 
factors which include brain and eye growth, increasing respiratory needs 
in childhood and adolescence, dental development, development of the 
muscles of mastication(21). 
Increasing in various diameters of the vault is by sutural growth and 
accretion. Growth at the sagittal suture leads to enlarged width of the 
cranial cavity, growth in a transverse suture, such as the coronal and 
lambdoid sutures, gives rise to increased length, while growth at a 
horizontal suture such as the squamoparietal leads to an increase in 
height, as well as by accretion and erosion(15, 21, 22). The membranous 
bones of the cranial vault follow the brain growth, allowing the enclosed 
cranial cavity to expand equally, with growth occurring at the major 
sutures(15).  Concomitantly, remodeling occurs at the surfaces of the 
bones, accommodating the change in curvature necessitated by the 
increase in all three diameters of the cavity(22).  
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The vault and brain increase in size very rapidly during the first eighteen 
month or so, after which growth is more gradual. Usually 90 percent of 
the adult dimensions are reached by the age of five to seven, and the 
maximum size is attained about puberty. This close relation between the 
two has led to the conclusion that growth of the vault is directly due to 
pressure of the expanding brain, the resulting tension at the sutural 
margins stimulate the formation of the new bone, but this cannot explain 
the whole phenomenon(22).  
Sutural growth ceases around puberty, but this does not mean that sutures 
are coincidently obliterated. Obliteration occurs very gradually with 
advancing age, and personal variability. Various types of skull deformity 
may result from premature closure of cranial sutures. If there is early 
closure of the sagittal suture, the skull becomes elongated 
(dolichocranic), whereas if the coronal suture closes prematurely, the 
skull becomes round (brachycranic). Some sutures may remain open well 
beyond closure of the remainder. The mediofrontal or metopic suture is 
one such example (13, 15). The frontal bone ossifies in fibrous 
mesenchyme from two primary centres that appear in utero during week 
eight (these are the sites of the frontal tubers in the adult). At birth, the 
bone is in two halves, the metopic suture intervening. This suture usually 
disappears within the first or second year after birth but may in some 
persist into late adult life (15, 16). There may be racial differences 
regarding its appearance, its incidence is as high as 10% in Mongoloids, 
although probably less than 1% in other racial groups(16). 
In general, closure of sutures is associated with a loss of elasticity of the 
skull, especially from that seen in the young. Todd and Tracy(23) and 
Cobb (24) noted changes in the 'texture' of the skull, from being smooth 
in the young adult to increasingly granular and roughened in appearance 
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with age. After maturity, vault sutures begin to ossify from inside out 
(starting with the coronal at approximately 30 years of age). Krogman 
and Iscan (25) indicated that an age range of 17 to 50 years is not 
unreasonable for vault suture closure, while the circummeatal sutures 
may not fuse until the eighth or ninth decade. Meindl and Lovejoy (26) 
examined specific sites for suture closure and correlated their findings 
with the known chronological age of their sample. They found the 
strongest correlations between age and anterolateral sites, including those 
demarcating the pterion as well as the sphenofrontal, midlambdoid and 
lambdoid sutures. They also found that closure of some sutures seemed to 
give a better indication of specific age; for example, the pterion was the 
best monitor of ages between 40 and 50 years. 
During normal growth in human, the upper half of the neurocranium 
enlarges mainly from deposition within cranial suture, although some 
resorption does take place; its lower half also expands through drifts in 
which the ectocranial surface is depository and the endocranium is 
resorptive(27). 
The bones of the cranial base are endochondral bones that ossify in the 
cartilage model known as the chondrocranium and articulate with one 
another at primary cartilaginous (synchondrotic) joints. Growth in base 
length takes place at the spheno-occipital and spheno-ethmoidal 
junctions, in addition to flexion at sphenoethmoidal angle. The spheno-
occipital synchondrosis may close as early as 14 years. Cartilage at the 
sphenoethmoidal synchondrosis, between sphenoid and mesoethmoid 
ossification sites is replaced by fibrous tissue and forms a 'suture' after 
birth. Growth here increases the anterior extension. It should be noted 
that growth at the midsphenoidal synchondrosis, between presphenoid 
and basisphenoid ossification sites, ceases when these fuse to form the 
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body of the sphenoid by the time of birth. As with the vault, remodeling 
of the cranial base occurs at the same time as growth at the above growth 
sites. The basicranium is the first region of the skull to reach adult size.  
The breadth growth occurs at the sutural sites e.g. occipito-mastoid, and 
the endocranial fossae deepened through drift in which the resorption and 
deposition occur along the superior and inferior surface, respectively(15, 
27, 28).    
The basicranial influence on overall crania was studied and the results 
showed that the variations in the breadth, length and flexion of the 
basicraium are mutually independent except for the maximum breadth of 
the base which was found to affect the overall cranial proportions due to 
its interaction with brain volume. Also these interactions have slight 
effect on the facial width(29).    
The bones of the facial skeleton follow a somatic growth curve, 
increasing height, length and width (in that order) of the face(22, 27). 
Growth sites exist at the fibrous or sutural joints of the facial bones. The 
craniofacial and circummaxillary sutures are all directed from above 
obliquely downwards and backwards so that growth results in an increase 
in all parameters of the facial skeleton. The width of the face increase 
takes place in the sagittal sutures (internasal, intermaxillary and palatal), 
by surface accretion at the zygomatic region and maxilla(22, 27). 
Paradoxically, despite the facial bones being dermal in origin, a major 
contribution to the growth of the suborbital part of the facial skeleton 
occurs by the process of endochondral ossification. This takes place in the 
upper face in the cartilage of the nasal septum and in the lower facial 
skeleton in the secondary condylar cartilage of the mandible. Both result 
in the forward and downward movement of the facial skeleton relative to 
the cranial base. As in the cranial vault and base, there is concomitant 
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remodelling occurring on the surfaces of the bones. The process is a 
balance between bone deposition and resorption, and proceeds throughout 
life. During the growth phase, the external periosteal surface of the facial 
skeleton is resorbed over a wide Y-shaped area, which has its stem just 
below the central incisors of the mandible, involves the premaxilla above 
and extends laterally across the body of the maxilla, the zygoma and its 
frontal process. Remodeling involves the bones of the upper and lower 
jaws that need to change to accommodate the eruption dentition(16, 27, 
28). 
1.2.2.3. Sexual differences in growth patterns: 
The level of sexual dimorphism in different parts of modern human 
skeleton varies between dimensions in which there is virtually no sexual 
dimorphism to other dimensions where there is obvious sexual 
dimorphism. There is a significant relationship between the patterns of 
growth and the sexual dimorphism development. Two factors of 
importance to the development of sexual dimorphism are times 
constraints (acting on the duration of growth) and energetic constraints 
(acting on the rate of growth) and these may differ between the functional 
regions of the skeleton(30).  
The growth of female facial features begins to slow around the 13th year 
of life and maturation is completed soon afterward, while males enter a 
growth spurt that continues through adolescence with maturation 
completed in early adulthood (27, 31, 32). Since this is a general pattern 
that varies between individuals, a certain amount of overlap in the size of 
male and female features is inevitable(33). After examining stature, 
cranial length, and width of 73 girls aged 6-15 years and 47 boys aged 
10-18 years, Baughan and Demirjian(34) concluded that girls have a 
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smaller cranium than boys, both absolutely and relatively, even before 
puberty and that boys experience a cranial growth spurt not seen in girls.  
This fundamental difference in the duration and rate of growth is the basis 
for sexual dimorphism of the skull, producing more extreme differences 
in later growing regions that experience greater relative growth, while 
early growing areas that experience less relative growth are less clearly 
sexually distinct. Age must also be considered when evaluating the sex of 
adult skulls, as evidence suggests the cranium continues to grow 
throughout adulthood, thus an older female might approximate a younger 
male in general size(32, 34).But this suggestion is not supported by 
others(35). 
The initial impression of the sex of a particular skull is often based on its 
overall size and architecture (rugosity). The literature that suggests there 
are real differences in male and female cranial growth, but the early 
completion of neurocranial growth relative to the rest of the skull will 
prevent extensive dimorphism in this area(27, 34).  
The greatest relative growth of the face occurs in the mandible, and the 
structures related to mastication are growing later and, so it is more likely 
to be sexually dimorphic (30, 36). 
According to Enlow (27), growth of the inner table of the frontal bone 
ceases by age five or six, as growth of the frontal lobe is completed. The 
outer table, however, is part of the nasomaxillary complex, which 
continues to remodel outward until nasal growth finishes some years 
later. Since the female nasal region completes its growth several years 
earlier than the male, there is less separation between the inner and outer 
tables. Greater separation in the males results in a larger frontal sinus and 
greater protuberance of the supraorbital ridges. The resorptive nature of 
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growth along the anterolateral surface of the orbital roof and the 
depository growth of the cutaneous surface of the supraorbital ridge 
combine to create a protrusive superior orbital rim. As part of the 
nasomaxillary complex, the forehead is displaced downward and forward 
from the calvarium. Consequently, the male forehead changes from the 
bulbous, upright, infantile shape to an angled, less rounded form. 
Growth in the nasomaxillary region lasts longer in males than females, 
while growth of the inner table is completed at approximately the same 
time(27, 34). The nasal and maxillary areas undergo high levels of 
relative growth, and are mid to later growing regions of the face, 
increasing the opportunities for sexual dimorphism to develop. As 
forehead slope, frontal eminence size, and supraorbital ridge size are 
related to the same downward and forward growth processes of the face, 
craniofacial growth patterns of these features should be considered as a 
good skeletal indicator of sex(27, 30, 34, 36). 
The orbit does not require a large increase in size in order to 
accommodate the growing eye and its surrounding tissues(27). In 
contrast, the maxilla undergoes significant relative growth. As the maxilla 
is displaced downward and the orbital floor (part of the maxilla) drifts 
with it, the orbit becomes unnecessarily large. To compensate for the drift 
and maintain proper obital size, the orbital floor deposits bone. The nasal 
floor, originally very close to the floor of the orbit in the infant, is almost 
twice the distance from the orbital floor by the time growth is 
complete(27, 30, 31). 
Since the duration of growth in this region is greater for males(34), the 
nasal aperture will be longer, yet the simultaneous forward projection of 
the nasal region will cause the aperture to appear to be situated higher on 
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the male face than the female face. The extensive relative growth of the 
mid-face and its pattern as a mid to later growing region of the skull, 
suggest that the size of the nasal aperture should be equally as effective as 
the other traits influenced by nasomaxillary growth patterns (supraorbital 
ridges, frontal eminence size, and forehead shape)(30, 34, 36). 
If one considers the palate as roughly v-shaped, its growth pattern can be 
described as a process of bone deposition on the inner surface and 
resorption on the outer surface, causing both enlargement and 
displacement. As it increases in length, it also expands in width(28). 
The duration of growth in the nasomaxillary region is extended in males, 
thus the male palate is both larger and broader. The amount of relative 
growth that occurs in this area and the notably longer male growth period 
suggest that palate size and shape will be a very useful indicator of 
sex(34). 
Nasal bones are usually large in males due to the extended duration of 
male craniofacial growth. Nasal form results from the interaction of three 
areas of growth, the nasals, the malars, and the maxilla. Growth of the 
malars is resorptive, causing them to become relocated posteriorly, while 
the adjacent nasal region of the maxilla enlarges anteriorly, producing a 
protrusive nose(27). 
Since the nasals increase in length but grow little in width, they gradually 
form a sharper angle in the midline to compensate for the divergent 
growth in the surrounding regions. Because the shape of the nasal bones 
is dependent on the growth of two different systems, nasal shape is 
unlikely to prove effective as a sex indicator. Nasal size, related to 
differences in the duration of nasomaxillary growth will exhibit some 
degree of sexual dimorphism, although it may be difficult to assess if the 
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range of variation for the population is not known (as is the case in a 
forensic context, where the individual is the basis of analysis)(27). 
Relocation of the malars posteriorly during growth, combined with lateral 
growth of the zygomatic arch caused by resorption on the medial surface 
and deposition on the lateral surface, causes the temporal fossa to enlarge 
while the malar remains proportionately broad in relation to the face, jaw 
size, and masticatory musculature. Extended male growth causes the 
malars to be larger and the zygomatic arches to be displaced more 
laterally than the corresponding structures in females. Given that the 
upper face exhibits neither the greatest, nor least amount of relative 
growth in the face, sexual dimorphism will likely be apparent, but will 
demonstrate a range of variation that may be difficult to interpret in a 
single individual(27, 30). 
Keen(37) observed differences in the form of the posterior root of male 
and female zygomatic bones. In males the root is continuous with the 
supramastoid crest, which then becomes part of the temporal line. This 
trait is dependent on the development of the temporalis muscle. St. 
Hoyme and Iscan(33) indicate that this feature is a reflection of greater 
male robusticity, suggesting it will be a good sex indicator only in 
populations that exhibit sexually dimorphic robusticity. Furthermore, its 
expression may vary depending on population robusticity. In more gracile 
populations it may be difficult to distinguish males from females, as most 
of the population will appear gracile, while in robust populations it may 
be difficult to distinguish females from males, where most of the 
population will demonstrate significant muscle markings. Differences in 
male and female mastoid and occipital condyle size reflect differences in 
the duration of male growth.  
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The cranial base exhibits less relative growth than other regions of the 
skull, and parts of the cranial base are middle growing regions, 
suggesting that some sexual differences will be evident, but these features 
are not likely to be among the most distinctive traits(30, 36).  
The parietal eminence is the initial site of ossification for the parietal 
bone. The infant parietal is bowed outward, with the eminence being the 
most lateral point(28). As the brain expands the bones of the calvarium 
are displaced outward, decreasing the curvature of the bones as they 
increase. This process accounts for the larger female parietal eminence, 
because the male calvarium continues to grow after female growth is 
complete(34). Given the range of individual variation and the fact that the 
neurocranium is the earliest growing region of the skull, one can expect 
some overlap between males and females with only the most extreme 
expressions of the trait being useful for sex determination(30). 
Despite the fact that many researchers note differences in the size of male 
and female teeth(25), most seem to agree with St. Hoyme and Iscan 
(33)that the range of overlap between males and females is simply too 
great to make tooth size a viable means of distinguishing male and female 
skeletons. 
1.2.3. Bone form controlling factors: 
The development and modification of skeletal parts are not yet fully 
understood. However, many factors were found to contribute to the final 
form of the bone. First: Genetic factors are particularly important in the 
primary growth, structure and architecture of bones (i.e. the early 
developmental phase).Secondly: Non genetic factors i.e. developmental 
which can be either systematic (i.e. hormonal, nutritional, and diseases) 
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or local factors (i.e. mechanical, traumatic, and local diseases)(17, 38, 
39). 
The shape and much of the final form of adult bone are genetically 
controlled(18). Other factors such as mechanical loading differences to 
different parts, and variation in growth rates between skeletal parts which 
are partially due to genetic and nutritional factors affect the strength and 
the final composition of bone by the end of its primary growth(40). Bone  
adaptation ( in the form of strength  and  shape ) to changes in mechanical 
loading from body mass, posture, locomotion, and muscle mass is 
mediated via various local growth factors which are produced almost 
exclusively during the modeling either within or near the bone(41, 42). 
Cessation of growth of bone and the maintenance of its final shape are 
profoundly affected by endocrine activity as vitamin D, parathyroid 
hormone, glucocorticoids, growth hormone, insulin, estrogens, and 
androgens(43).  There is a regional sensitivity variation to these factors 
within the diaphyses of bones (e.g., endosteal versus periosteal 
envelopes), as well as skeletal regions variations (articular regions versus 
diaphyses) (44, 45).The environment affects the long bone diphysis more 
than the articular ends, even after primary growth cessation (46, 47). 
After primary growth cessation, the maintenance and alteration of bone 
shape are governed by interaction of various environmental factors such 
as metabolic stimuli, body activity (e.g subsistence), and multiple 
intrinsic factors (e.g hormones). But it should be noted that not all the 
bones or regions have the same reaction to the same stimulus. Diaphyseal 
breadth and articular surfaces track different aspect of ontogeny(17, 43, 
44).  
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1.2.3.1. Bone Adaptation: 
The cranial dimensions and proportions were thought of as better source 
of information for phylogeny than postcrania measurements which were 
used as indicators of activity patterns and adaptation. This is based on the 
assumption that the cranial morphology is more genetically controlled 
than postcrania. However, other workers  disagreed with this 
assumption(48, 49). This indicated that craniomorphology is under strong 
environmental influence as well as genetic control. 
1.2.3.1.1. Bone adaptation to climate: 
Climate is the most important non-genetic factor in shaping skeletal 
morphology .It is a product of various factors as temperature, humidity, 
altitude and solar radiation. The morphological trends related to climate 
were observed in animal species by various biologists who developed 
rules which resulted in a lot of debate and researches.  
The most famous rules are Bergmann’s and Allen’s rules which were 
later redefined and argued by different researchers.  Bergmann stated that, 
as translated in James(50), geographically dispersed polytypic species, or 
groups of closely-related species, tend to be larger in body size in higher 
latitude. Allen’s confined his observation to extremities, and stated that 
extremities –ear, limb, tails, snout, etc –of animals are reduced in size in 
higher latitude(51). They also stated the reverse of the relations in warm 
climates. These rules were later explained by researchers on the basis of 
physiological mechanisms i.e. part of the thermoregulatory control 
involving surface area change(52). The Bregmann’s rule can be explained 
as the reduction of the amount of surface area relative to total volume in 
higher latitude animals; this will reduce the heat loss gradient. And the 
reverse happened in warm climate. Allen emphasized that shorter 
extremities in colder climate augmented the reduction of surface area and 
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consequently reduced heat dissipation and that the reverse happened in 
warm climate(51). These morphological trends were termed 
ecogeographical patterns(52).  
These definitions led to a large debate between scientists who supported 
this ecogeographic rules and physiologists. Some workers redefined these 
rules as occurring within species and disengaged them from climatic 
factors(52-54). Thus the rules explained as an empirical observation 
associating conspecific population change in character with an 
environmental factor(55). This found a lot of support by physiologists 
who claimed the high important role of various other competing factors in 
thermoregulatory adaptation as food availability, vascular response, 
topographic restrictions, as part of other variables(56-59). Mayr(52) 
indicated that the phenotype is determined as a balance between the local 
environmental mechanisms, and physiological and developmental 
mechanisms as part of heritage of species as a whole. Regarding 
Bregmann’s rule many authors advised to compare the body mass within 
the species and to consider the genetic rule in closely related species, and 
the tested relationship should use the pattern of mass relative to 
geography(50, 53, 54, 59). 
Many studies conducted in animals especially birds found that in cold 
climate or high latitude the animals had larger body sizes and shorter 
extremities(60). These studies concluded that the temperature extremes 
and humidity (ambient moisture), and not the overall climate was the 
main determinant factors responsible for body size and extremities 
variation .Thus the bodies in warm, dry climates will have larger body 
size when compared to those in warm, humid climate. This was explained 
by the fact that there is a direct correlation between body mass and heat 
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production and that the main method of heat dissipation in warm climate 
is through heat evaporation(61). 
The application of these rules in humans, though still valid, is rather 
problematic due to potential cultural buffering (by utilization of 
technology and artificial conducts). Many studies prove that among 
humans there is a greater genetic than environmental control in 
proportional differences(62, 63).  
The shape of the neurocranium, size of the cranium, and nasal aperture 
dimensions were used as indicators to study the cranial variations. The 
neurocranial shape correlation with extrinsic factors is mostly 
multifactorial. Some studies showed that the neurocrania of the people 
living in warm and dry environment tend to be dolichocephalic and small, 
while those in cold environment are brachycephalic and large(64-67). 
These studies showed that the cranial proportions variation is controlled 
by changes of the breadth rather than the length and the human tend to 
move towards brachycephaly in more recent years. Other contributory 
factors also involved in cranial shape are brain development, masticatory 
stress, and overall scalling relative to body mass(66, 68). Diet changes 
from hunter-gatherer to agricultural community have resulted in reduction 
of mastictatory stress and teeth size reduction(69, 70). The cranial 
robusticity due to tough diet affect mainly the cranial length as reported 
by Lhar and Wright(71). The brachycephalization secular trend had 
stopped in the last thirty years in the Japanese studied in the 
millennium(72, 73). 
The nasal aperture dimensions (width to length ratio) showed a 
significant correlation to climate. Many studies showed that this index 
was lower in cold, dry environment population(74, 75). Others attributed 
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the shape change to ontogenical changes implied by changes in the face 
as a whole in relation to other environmental factors. Thus temperature 
has a negative correlation with the vault breadth and positive correlation 
with facial height and prognathism; and that there is a positive correlation 
between maximum cranial length and humidity(33, 76). 
It can be concluded that the set of morphological features adaptive 
changes described above follow closely the additive effect of cultural, 
physiological and ecogeographical patterns. The most linear, or 
ectomorphic, body shape among recent population occurs in humans who 
live in very hot, dry, and open grasslands of the Sahel and East 
Africa(77). The most stocky, or mesomorphic/endomorphic physique 
occurs among Northen Asians(77). Aboriginal Australians have a very 
linear physique and tend to have a very low body mass index relative to 
stature. The argument is raised that the deserts are quite cool to cold at 
night but the human adaptation to cold in the desert is shown to be 
primarily physiological rather than body proportion differences(78). 
1.2.3.1.2. Adaptation to lifestyle (nutrition, subsistence and activity);- 
The influence of lifestyle on morphology is almost independent from the 
strong genetic factors shown above in climate(47). It produces skeletal 
variation through different loading mechanisms. The lifestyle includes 
diet and its acquisition activities.  
1.2.3.1.2.1. Diet and bone:- 
The nutrition has a confounding effect on morphological adaptation as it 
has two effects on human morphology, either through disease or through 
growth changes. The nutritional factors that can affect the overall skeletal 
morphology are rare and almost universally excluded from normal 
morphology variations. Thus the profound effect is manifested in growth 
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and development. The main morphological identity that is affected by 
nutrition is stature(79). Although it is mainly under genetic control it is 
affected by nutritional and hormonal factors which affect the long bone 
length and body mass(80).  
The diet also affects the craniofacial morphology through masticatory 
stress(81). The transverse diameter of the skull(82), palatine shape(83), 
and mandibular shape are affected by diet hardness(84). The biting force  
increase is associated with narrowing and elongation of the crania by 
increasing origin of the mastication muscle (longer moment arm)(70).The 
agricultural communities take softer food than hunter gatherers which 
result in narrowing of the  face, reduction of the craniofacial size and 
reduction of  the masticatory apparatus(68).   
1.2.3.1.2.2. Physical activity and bones: 
The physical activity affects various parts of the skeleton. The bone mass 
was found to be reduced when compared between early agriculturist and 
industrialized communities. Many studies were conducted to compare the 
hunter-gatherers and agriculturists and the following was observed(85-
87). The hunter–gatherers tend to show features of high mobility as being 
taller, having more pronounced femoral pilasters, and more platycnemic 
tibiae, and thicker cortical bone in their diaphysis(47, 85, 88) . Two 
points were raised to argue these findings: one that aging people have 
excessive physical activity patterns; the second these findings are not 
applied to all communities as Bridges(87) found that the females in her 
agricultural sample were actually larger and had mechanically stronger 
humerii than hunter-gartheres, though the opposite was expected.  She 
explained this by the fact that these females have more mechanical load 
in farming. 
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1.2.4. Sexual dimorphism and crania:- 
The determination of sex utilizing the skeleton is an important concern of 
the osteologist and the forensic anthropologist as sexual determination is 
critical for individual identification. It eliminates approximately 50% of 
the population from further consideration in cases of missing persons. 
Moreover, many additional individualization criteria are sex-specific. It 
may also help in the analysis of the ways of life of the ancient human 
populations(25, 89, 90). 
Sex is the biological quality that differentiates between males and 
females. It is fundamentally due to chromosomal difference, as females 
have two X chromosomes and males have an X and a Y. Both sexes have 
common physical characteristics as they share about 95% of the total 
range of variations(33).   
There are different sexing methods which can easily be divided into:  1) 
those that are less work-intensive thus giving results rapidly, but showing 
higher error rates, and these depend on osteological traits. 2) And those 
that require greater effort and more sophisticated equipment, but are more 
reliable i.e. molecular biology. 
The methods of molecular biology render more precise results than 
morphological assessment. Where subsequent cross-checks have been 
proven possible, the results of blind tests very often match true sex. 
Moreover, unlike morphological methods, molecular methods are free of 
the many systematic influences that are often so hard to evaluate. 
However, the advantages are to some extent offset by disadvantages. 
These methods require sophisticated equipment and often a long 
determination time. In many cases (according to various laboratories, 
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between one and two thirds of all diagnostic tests) no result or no 
definitive result is achieved when examining bones(35, 91). 
DNA analysis has recently been used for sex determination in forensic 
work, and to a more limited extent in archaeological samples. Methods of 
sex identification using DNA focus on either repetitive DNA sequences 
that are chromosome specific or single-copy gene found on both the X 
and Y chromosomes(92).The most common used gene is amelogenin.  
The amelogenin gene product is a low molecular weight protein found in 
tooth enamel (93, 94). There are homologues of this gene found on the X 
and the Y chromosome of humans. The amelogenin gene is located on the 
X and Y chromosome outside the pseudo-autosomal or recombining 
region (93).  
Molecular methods lack the stochastic inaccuracy of morphological 
methods, but they present some qualitative difficulties. Among them are: 
problems of preservation of DNA, high expenses of its analysis, 
contamination with DNA from people who have examined the skeletal 
remains; intercontamination between skeletal remains and corpses found 
in mass graves; interference from other substances (inhibitors in the soil, 
textile dyes, formalin); insufficient volumes of substance; and, new 
mutations when comparing with living relatives, sex chromosome 
variations, additional genetic deletions, primer binding failure and target 
region based amplification failure (95, 96). That is why skeletal 
morphology is still the preferred method which can be applied worldwide 
due to its feasibility and reliability which have stood the test of time(35). 
The morphological differences between both sexes can be the result of 
multiple factors such  as genetic factors e.g. a relative fixed racial 
genome, but the phenotypic expression is modified by multiple factors 
such as local customs and environmental factors affecting growth and 
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development (nutrition, physical activity, life-style, health. etc), and the 
interaction of previous factors. Thus the only constants in this complex 
equation are the biological sex controlled by sex chromosomes and 
genetic and /or racial heritage. Not all skeletal clues to sex are of equal 
value. Sometimes a clear cultural clue or activity scar is more useful than 
an unclear biological indicator(25, 35, 97).  
Sexual dimorphism in the skeleton relies on the presence of regular and 
recordable differences in skeletal morphology between males and 
females. The greater degree of sexual dimorphism yields better 
assignment from skeletal remains. Many visible sex traits are absent or 
slight during infancy and childhood and are fully developed by puberty, 
as a result of hormonal stimuli. It is the tissue response to these 
circulating levels of hormones that dictates the basic sexual dimorphism. 
Other traits may develop as a result of habitual activity and 
environmental factors. Some of the sex traits have a biological functional 
role such as pelvic enlargement in females but others are hard to explain 
on functional basis e.g. large brow ridges.  Side incidence is another issue 
that should be kept in mind as some traits are bilaterally symmetrical, 
while others have side preferential. Some traits have fair consistency 
between populations; others range from absent to nearly universal within 
genetically related populations. 
Studies on sexual dimorphism are based on 3 primary biological 
differences between males and females, which are size, body proportions 
and architectural differences(33, 98). Males are generally more robust 
than females as they have generally more muscle mass. The weight of 
axial skeleton of the male is relatively and absolutely heavier than that of 
the female by about 8% (33, 98). The adolescence occurs in boys about 
10% later than girls in modern humans, allowing males more growing 
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period. Though logically we can expect males size to be  larger by 5-10% 
compared to females ,the 95% overlap makes the size alone as a doubtful 
sex criterion (33).The long bones indices are mainly controlled by 
cultural and environmental agents rather than genetics. Changes in living 
conditions affect sexual dimorphism as they affect the type of food, the 
amount, and the distribution of food availability and, ultimately the sex: 
size ratios(99).  
There are two osteological techniques used to determine the sex of an 
individual; the first is visual assessment to evaluate the morphological sex 
traits specific to various skeletal parts, and robusticity. For this technique 
the pelvis is considered to be the best part to determine the sex due to the 
reproductive sex specification differences, followed by the cranium 
where the size and morphology are best represented. However, this is 
subjective and requires high experience in the field. The second method is 
metrical, in which the skeletal assessment relies on methods based on 
osteometric measurements and statistical techniques. These methods 
reduce the examiner’s subjective judgment  and they have high 
reproducibility but they need well preserved bones and well defined 
measuring landmarks and techniques(100).  
The populations differ with regard to both the extent of sexual 
dimorphism and the inter-correlation between features. Hence, a vital 
prerequisite of accurate sex identification in skeletal remains is 
information about their origin, so that the available examination methods 
can be adjusted accordingly(101). 
Diverse studies have shown variability in osteometric dimensions 
between populations. It is well established that population specific 
standards should be used in osteological studies of skeletal remains. In 
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addition to that, a great consideration should be put in mind to temporal 
changes that may result in changes even within the population over time 
due to environmental changes, nutritional differences, population 
mobility, and diseases (102, 103).  
The sexual dimorphism has been found to be decreased under 
environmental stresses and is controlled largely by variations in the 
average male size more than the variation in the female size. Males were 
found to be more sensitive to malnutrition during their growth(104).  
In recent times, where it may be difficult to find an intact pelvis and 
cranium in unknown bony remains due to their intrinsic structure and 
difficulty in preservation, there is a greater thrust towards morphological 
and metrical analysis of other postcranial bones especially the long bones 
for the purpose of sex determination(105-108), in addition to the 
ribs(109), clavicle(110) as well as bones of the hand and the foot(111-
115). 
Previous studies reported an important conclusion. There are significant 
size differences between populations and that therefore all discriminant 
formulae for determination of  sex are population-specific ,secondly there 
are differences in bone remodeling between sexes and the rate of cortical 
bone development is greater in males than females during adolescence 
and it remains unchanged throughout adulthood(116). 
The skull is the single most studied bone due to its vital role in physical 
anthropology and human evolution. Many traits were used to study the 
sexing of the skull and many studies involve the use of dimensions for 
sexing. Hanihara (25) studied Japanese skulls using nine dimensions (five 
for the cranium and four for the mandible) and he developed discriminant 
functions formulae for sexing. Then he tested the sectioning point and he 
 33 
reported sex accuracy between 83.1% and 89.7.The main source of error 
was skulls with relative broad or low vaults. He commented that the 
discriminant function analysis method is not good for skulls when 
compared to long bones.  But in 1963 Giles and Elliot(117) studied 300 
American crania of both Whites and Blacks from Terry and Hamann-
Todd collection. All their functions relied on some portion of cranial 
vault and/or face. As the basic principle of sex discriminating functions is 
that they are size dependent, these formulae can be used effectively only 
in people whose cranial size approximate that database. Correct sexing 
ranged between 83 to 88 percent. Blacks were estimated to have slightly 
more accuracy than Whites(118). The developed functions were retested 
in forensic cases and show an accuracy of 83%(119). 
The sexual dimorphism of 74 Indian crania (males 40, females 34) was 
studied using 16 dimensions. 32.41 percent of crania were sexed using 
univariate analysis. The most reliable indicator was maximum cranial 
circumference. Using multivariate analysis the sexing accuracy ranged 
from 85.29 percent for females to 90 percent for males. The overall 
accuracy was 87.84 percent (120). 
Song et al used 60 Chinese skulls (males 30, females 30) using forty one 
variables. Then two groups of variables were selected by applying 
multiple stepwise regressions, one including 14 variables and the other 5 
variables. The first group achieved accurate sexing of 100 percent while 
the second sexed 96.7%. They found maximum cranial length, maximum 
cranial breadth, cranial height, maximum bizygomatic diameter, 
biasterionic breadth, basion – nasion length, bregma lambda length, 
foramina magnum length and foramina magnum breadth to be 
significant(121).  
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A total of 12 standard cranial and five mandibular measurements were 
taken from 44 male and 47 female skeletons of known sex and race from 
the Pretoria and Dart collections. The bizygomatic breadth was the most 
dimorphic dimension followed by cranial length, basion-nasion length 
and nasal height. Five functions were developed from the complete 
cranium, vault, face, and mandible. Dimensions from the complete 
cranium provided the best accuracy. In the mandible, bigonial breadth 
was the most dimorphic of the measurements taken. Average accuracies 
ranged from 80% using bizygomatic breadth alone to 86% using the 
cranium(122).  
The Bantu–speaking indigenous South Africans were studied using 332 
crania (182 male and 150 female). Univariate male/female ratios 
indicated significant sexual dimorphism in the pooled South African 
crania. Canonical variates analysis of the pooled sample showed that 
facial width is the strongest discriminating morphometric variable; cranial 
length and basi-bregmatic height are the next most significant features. 
Eight measurements derived from the three-dimensional data were used 
to produce a series of discriminant functions for sex determination in the 
pooled sample, for which an accuracy of 77-80% was attained. Analysis 
of the calvaria and face, separately, has shown that the sex of damaged 
material can be diagnosed with a reasonable degree of accuracy (75-
76%)(123). 
The palate dimensions were used to predict race or sex or both in 
American blacks or white using 332 living subject with permanent 
dentitions. The results showed that there is appreciable sexual 
dimorphism mainly determined by arch shape in terms of a depth-width 
ratio, with more attribution from depth variable. The sex could be 
classified with 65 % accuracy if the race is known(124).  
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The base of the skull was studied to determine its ability to determine sex 
in fragmented skulls in Terry collection using 100 crania (50 males,50 
females).Six regression models were developed and the sex prediction 
accuracy of an individual was 71-90%, while cross validation in a 
different sample (20 crania) showed accuracy of 70-85%(125). These 
findings were  later reassessed using the same measurements in a larger 
sample and the accuracy was not more than 76%(126).  
The sexual differences in foramen magnum size dimensions were 
measured using three-dimensional computed tomography (3DCT) for 100 
patients (48 males, 52 females) who had temporal CT. Seven 
measurements were made of the foramen magnum on 3D images. Using 
Fisher’s linear discriminant functions test, the length and width of right 
condyle, and width of foramen magnum diameters were found to be 
statistically different in each sex with 81% accuracy(127). 
One hundred Taiwanese males and females were studied using angular 
and linear dimensions utilizing the superciliary ridges, frontal sinuses, 
external occipital protuberance, and mastoid processes as objects of 
lateral radiographic cephalometric measurements. With discriminant 
functions created from 18 established cephalometric variables, a total of 
100 cases were classified into two sexual groups with 100% accuracy in a 
random sample(128). This work was revalidated in European population 
using 114 dry skulls (59 men and 55 women). Analysis was done using 
18 variable plotted on lateral cephalogram using orthodontic software. 
Sex was determined with 95.6% accuracy using the 18 variables 
discriminant function. A subset of eight variables was selected and could 
predict sex with the same accuracy(129).  
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Posteroanterior radiographs of the skulls were used to determine sex of 
200 skulls (100 male and 100 female) utilizing four direct and projected 
measurements (sagittal diameter, mastoid length, mandible width at the 
level of the mastoid tips and mandible angle width) .The sex could be 
determined with 88 percent accuracy. (130). 
1.2.5. Ancestral affiliation and crania: 
There is a large debate amongst researchers who study osteology. Some 
feel that they should study only individual traits and neglect the natural 
grouping of people with the same characteristics as skin color and nose 
appearance and they prefer the term ethnicity or cultural affiliation. 
Others consider grouping should be recognized as natural biological 
entities and they prefer the use of term “race”. This debate resulted in the 
development of the term ancestry to imply the genetic background of the 
person(98). 
As mentioned before, the cranial form is affected by both genetics and 
external factors. But despite these non-genetic factors, Khon (131) 
indicated that a higher degree of inheritance of cranial dimensions has 
been a consistent finding. Many studies using human populations whose 
biological relationships are known or can be reasonably inferred, have 
provided confirmation that the degree of genetic causation in cranial 
variation is sufficient to render craniometry useful in investigating 
biological relationships among human groups revealed by biochemical 
genetic markers and those inferred from anthropometric 
measurements(132, 133).  
Craniometric traits have enabled successful discrimination between 
various groups living in different villages within restricted geographical 
areas. They have also enabled historical population relationships to be 
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reconstructed between groups living over restricted and broader 
geographical scale(134, 135).  
Studies of cranial variation in various skeletal series  around the world 
have shed light on modern human origins and affinities between different 
populations(136). Craniometric work has also aided the study of patterns 
of human dispersal of human groups(137). Regional studies have helped 
to shed light on the question of migrations and emergence of certain 
civilizations(138). 
Metric methods have been used to distinguish ancestry through three 
different procedures: direct measurements, indices, and multivariate 
functions(98).  
Giles and Elliot (139) noted that the skull "provides more indication of 
race than any other skeletal part." But while encouraged by the utility of 
the skull for making racial determinations, they noted the difficulty 
involved in quantifying objectively those features that suggest racial 
affinity. In response to this difficulty, they offered the use of discriminant 
functions to assess ancestry on the basis of cranial measurements. They 
used nine measurements (glabello-occipital length, maximum width, 
basion-bregma height, basion-nasion length, basion-prosthion length, 
bizygomatic diameter, prosthion-nasion height, and nasal breadth) to 
differentiate between Whites (108 males,79 females) and Blacks (113 
males,108 females) in Terry collection and native Americans from 
prehistoric site of Indian Knoll dated back to 3500 BC  (150 total). The 
equations were developed from randomly selected 75 skulls for each sex 
and race. The success rate of their equations ranged from 80-95% for the 
base sample and 77-100 percent for the test sample. During their research 
they found an interesting finding as they determined that the ancestry 
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discrimination occurred best when sex was known. Later their equations 
were tested and confirmed to be still applicable for recent blacks and 
white but not for American Indians(119).  
These are good results but the utilization of these equations is limited as 
they require the presence of an intact or almost intact skull, thus Holland 
used measurements restricted to the cranial base to determine the racial 
origin of skulls from the Terry collection. He achieved an accuracy of 70 
-90% for race(140).Also there is another problem in Giles equations that 
it omitted population data from other races like Australians(25). 
Howells(136) performed extensive multivariate analysis on a large 
number of skull samples of different ethnic origin. Amongst his many 
racial groups, however, only the Zulus were independently sexed. 
Mandibles were also excluded from this study.   
A total of 139 skulls representing the modern racial groups of man 
(Caucasoid, Negroid, Mongoloid, and Australoid) were used to develop 
discriminant function for race determination. The success rate obtained 
was 70-95% of cases using pooled sexes, with Caucasoids and 
Mongoloids being classified more reliably than Australoids and Negroids. 
The results showed that the sexual dimorphism was different between the 
races (141).  
The population affinity of South Africans was studied using 53 and 45 
white and black male and females. Using 13 standard cranial and 4 
mandibular dimensions, average accuracies of 98% were obtained from 
the crania, which were much more discriminatory than the mandibles 
(74% for males, 87% for females).  The cranium had a very high 
discrimination reaching 98% and 96% for males and females, 
respectively. Average discrimination from facial measurements ranged 
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from 87% to 93%. The vault and mandible were less racially dimorphic 
ranging from 77% (males) to 83% accuracy (females)(142). 
The craniometric relationship among central European populations was 
studied using discriminant functions and principle components analysis. 
The results showed that the vault measurement were better than the face 
in the principle components. Then effective discriminant functions for 
distinguishing early medieval Croats from individuals belonging to the 
Bijelo Brdo culture were developed. The accuracies achieved by the 
functions were 89.3% for males and 97.1% for females (143). 
1.2.6. Historical background of Nubia and Sudan: 
 
1.2.6.1. Nubia (4500BC-1500AD): 
 
Nubia was a large and often ill-defined region covering much of modern 
Middle Nile basin. More recently it has had a more restricted meaning, 
limited to the region in the south of Egypt, along the Nile and in northern 
Sudan. Most of Nubia is situated in Sudan with about a quarter of its 
territory in Egypt. 
Ancient Nubia, was located on the upper Nile between the first and fourth 
cataracts, was ancient Egypt’s most powerful rival and important trade 
partner on the African continent(144). 
The Nubian history from Neolithic to Islamic time was considered as a 
continuum of cultural and social development involving three basic 
stages: Archaic, Dynastic, and Medieval. The first includes the A-Group, 
and C-Group phases, the second the Pharaonic, Napatan, Meroitic and X-
Group, and the third the Christian and Islamic periods(145). 
Nubia was subjected to various studies as it was described as the only 
permanent connecting link between the ancient centres of Mediterranean 
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civilization and the cultures of sub-Saharan Africa(146). As a result the 
peoples and cultures of Nubia are neither wholly Mediterranean 
(Caucasian) nor wholly African: since earliest times they have presented 
a unique blend of the two.  Even in the present-day populations, these 
ethnic attributions have sometimes become confusing and 
controversial(147), as these characteristics were explained by two 
different ways: one suggests multiple migration waves to Nubia, while 
the other proposes a long-term regional continuity, at least from the 
Neolithic expressed by a remarkable degree of temporal biological 
continuity among Nubian groups(69, 148). 
1.2.6.2. Kerma (2500-1100? BC): 
 
By the second half of the third millennium BC, a new civilization 
emerged at the Northern Dongola Reach between the third and fourth 
cataract and persisted over the next thousand years. The people of this 
civilization were called by Egyptians as Kush. By the second millennium 
BC, Kerma was a center of Substantial kingdom dominating more the 
700km of the Nile valley, almost certainly the earliest civilization in sub-
Saharan Africa. It was then  a major rival to Egypt(145). 
Kerma had four general phases early (2500-2050BC),middle (2050-1750 
BC),classic (1750-1500 BC ) and late or New Kingdom (1500-1100? 
BC). These phases corresponded to C-group in Lower Nubia but 
separated from it politically by an Egyptian military Frontier on the 
second cataract(145). 
The classic Kerma period saw the greatest development of Kerma. The 
Kush “Kerman” asserted their power in lower Nubia, leading to a period 
of open conflicts with Egypt. The growing political power of the rulers of 
Kerma was expressed by the presence of “royal” tombs. The 
 41 
extraordinary feature of these tombs was a combination of large numbers 
of human sacrifices accompanying the main burial and the addition of 
numerous secondary burials cut into the tumuli many of which seem to be 
of high status. A later study disagreed with the sacrifices assumption as it 
had found no differences in health pattern between them(149).       
1.2.6.3. Sudan and Arabia: 
The Nile valley has been in contact with Arabia even before Islam. This 
happened mainly through red sea either directly or from south west 
Arabia to Abyssinia then to the north. Following the Arab conquest of 
Egypt the Arab merchants penetrated Nubia as far as the second cataract.  
On the 7th century the Arabs tried to invade Nubia but they failed and a 
peace agreement was established “Baqt treaty”. This allowed more Arabs 
merchants to reach Nubia(145). 
1.2.6.4. Present Sudan People: 
Sudan has a special geographical location in Africa with multiple 
boarders. This makes it a site of multiple migrations especially between 
Egypt and sub-Saharan regions. This variability is very evident by the 
presence of some 90 discrete ethnic groups, and around 140 
languages(150). Sudan has the desert in the north, which comprises 
approx. 30% of the country’s total area; the semi-desert Sahel more to the 
West and East; and the Savannas in the South.  
Sudan is populated by different ethnic groups, the populations along the 
southern part of the Sudan are mainly Nilotics (or Nilotes) who speak 
languages within the Nilo-Saharan family(151).The westernmost part is 
inhabited mainly by different Nilo-Saharan groups, Arabs, Hausa and 
both are Afro-Asiatic, and in part Niger-Congo including Fulani and 
Zandi, The Northern part is dominated mainly by Arabs, Nubians and to 
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some extent Copts, all of them are agriculturists settled in the Nile 
Valley(152). 
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1.3. OBJECTIVES: 
The objectives of this study are: 
General Objective: 
• To provide basic data regarding some of the craniofacial osteometric 
values of the Nubians, Kermans and recent Northern Sudanese 
population. 
Specific objectives: 
• To assess the sexual dimorphism in Nubians, Kermans and recent 
Northern Sudanese. 
• To explore which parts of the skull are the most sexually dimorphic 
in Sudanese.  
• To develop predictive equations for sex determination using the 
osteometric values obtained from the crania of Nubian, Kerman and 
modern Northern Sudanese subjects. 
• To compare the accuracy of sex prediction in Nubians, Kermans and 
modern Northern Sudanese groups arrived at by osteometric values. 
• To compare the recent Northern Sudanese with Nubians and 
Kermans.   
• To compare Sudanese to Africans and global populations in terms of 
sexual dimorphism. 
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CHAPTER 2 
  MATERIALS AND METHODOLOGY 
This chapter describes the data sets, derived data, and statistical 
methods used to achieve the objectives listed at the end of Chapter 1. It 
contains detailed information on the nature of the skeletal sample, 
methods for taking measurements and the statistical analysis used in this 
thesis.  
2.1. The Material:  
The data analyzed in this study included bones from different times 
and localities. The fundamental inclusion criteria of any crania were that, 
the sex of the skeleton to which they belong should be determined by 
more than one person, the presence of complete fusion of its long bones 
or complete fusion of the basi-occipital joint. Exclusion criteria included 
deformed crania, evidence of any pathological condition, premortum 
edentulous crania. In the cases of some groups wherein crania associated 
with postcrania were poorly preserved and/or few in number reliance was 
made on the initial information present on the records.  
A total sample of 476 crania with various degrees of completeness were 
examined and measured by the author. The data set contained skeletal 
remains and radiographic data of living population.  
The total sample represents crania from Nubia (3800BC-1500AD), and 
Kerma (1750-1500BC) which were measured by the author, these were 
housed in the Duckworth collection (University of Cambridge, UK).The 
recent Northern Sudanese crania were obtained using radiological 
technique (Brain computed topography scan) obtained from Ribat 
Teaching Hospital, Khartoum.  
The total sample in this thesis included 187 crania from Nubia (129 male, 
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58 female), 179 crania from Kerma (83 male, 96 female) that were 
measured in the period extending from November 2007 to October 2008; 
and 110 recent Northern Sudanese crania (69 male, 41 female) measured 
in the period between May 2007 and August 2007. 
2.1.1. Background about the material used: 
Nubia:  
This is an extensive collection of human remains from cemeteries in 
Nubia, who were initially divided into seven period extending from what 
is known as A-group to the Christian period (3800 BC-1500AD), 
collected by Elliot –Smith and his colleagues in the first Archeological 
Survey of Nubia. This was done in response to the heightening of the 
original Aswan Dam in 1908-10, which flooded some 150km of the river 
valley south of first cataract. They claimed racial typology differences at 
different times of history, most of these were expressed in term of 
different degrees of “Negroid Mixture”(153).These findings were 
criticized by various studies who showed continuity rather than 
replacement indicating that they were stratified but homogenous(148, 
154). That is why in the Duckworth osteological collection they were 
considered as a single collection.  
Kerma:   
It is located on the east bank of the Nile, between Argo and Tombos. It is 
150 miles south of the boundary which divides the Sudan from Egypt. 
The excavations were carried out by Dr George A. Reisner leading the 
joint expedition of Harvard University and the Boston Museum of Fine 
Arts in the seasons 1913-14 and 1915-16. One hundred seventy nine 
crania from Kerma (83 male, 96 female) were measured from November 
to October 2008. All the crania belonged to the period 1750 to 1550 BC. 
 46 
Recent Northern Sudanese: 
These were patients who had to do computerized topography scan of their 
brain for various reasons. Criteria for inclusion was age between 25-
65yrs, no evidence of head trauma or abnormality, no loss of teeth from 
the maxilla ,no chronic illness that might have affected the bones, and 
known tribal origin from Northern States. Verbal consent was taken and 
tribal origins were recorded for fathers and mothers. All Northern tribes 
were included except Copts who are Egyptians and Nuba as they are 
divided between north and south, and vary considerably in their culture 
and social organization. 
Compiled series: 
Universal cranial records and records of crania of Jebel Moyans from 
Central Sudan were compiled from published literature. Jebel Moya was 
compiled from Mukherjee et.al (10). A sub-sample of the cranial database 
of Howells was used in order to compare our sample to the world wide 
cranial variation (HOWTSTDB.ZIP).The rest of the African sample was 
compiled from Ribot, Fawcet and Lee, and Stoessinger (155-157). Some 
of Asian data was compiled from Tildesley and Woo(158, 159). The 
name of data, its location, time period, number details, and references 
used to compile from are presented in Table 1. 
2.2. Measurements: 
Metric and non-metric measurements were obtained from skeletons to 
assess the sexual dimorphism and to reconstruct morphology aiming to 
explore ethnic affinity of Recent Northern Sudanese. The osteometric 
measurements that were taken are generally well-defined, standardized, 
and highly replicable(2, 136). 
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2.2.1. Non-Metric traits: 
  These included sexing and noting of any pathology or trauma. In 
general, hip was sought at first and if present the guideline methods of  
sexing of  Phenice(160) which were later refined by Rogers and Saunders 
(161) and Bruzek(162)  were used. The suggested refinements of methods 
were chosen as a more precise guide for sexing skeletons; this method 
relies on a combination of visual assessments of five factors in assigning 
sex. These are greater sciatic notch contour and proportions; the 
composite arch outline of the sciatic notch and the superoanterior outline 
of the auricular surface; the shape of the ishiopubic ramus; and the 
relation of the pubis and ischium lengths (which could also be observed 
as the subpubic angle).This refined method is known to provide a correct 
sexual diagnosis in 95% of all cases, with an error of 2% and an inability 
to identify sex in only 3%. 
 In cases where the hip bone is not present, crania were sexed using 
Bass(2) and white(39) and Roger(163). Skeletons were classified as 
"male," "male (?)," "female (?)," and "female." Individuals with 
unclassifiable sex were not included in the study.  
2.2.2. Metric traits: 
Seventy metric traits of crania were recorded for Kerma, fifty eight for 
Nubia and seven for recent Northern Sudanese. These are listed with their 
abbreviations, and instrument used in Table 2.Their anatomical 
localization are broadly represented on schematic drawings in Appendix 
1.The majority of these osteometric measurements are considered 
standard (9, 136, 137). All measurements have been given three- to 
seven-letter abbreviations for easy reference. The osteometric 
measurements were obtained using Paleo-Tech 300 mm spreading 
 48 
calipers (accurate to the nearest 1 mm),Coordinate caliper, Paleo-Tech 
radiometer and Mitutoyo 150mm digital sliding calipers (accurate to the 
nearest 0.01 mm); the latter was directly linked to a notebook computer to 
allow for instantaneous measurement input into a Microsoft Excel. 
The descriptions of measurements conducted were: 
1) Glabello-occipital length (GOL): was taken as the maximum 
anteroposterior cranial length measured from the glabellar region 
(the most anteriorly projecting midline portion of the frontal bone, 
generally at the intersection of the superciliary arches in the 
midline) to the opsthisocranium (the most distant point of the 
occipital bone from glabella) in the median sagittal plane. In 
general, osthisocranion occurs either at the external occipital 
protuberance, or in line with the superior nuchal lines close to the 
saggital plane.  
2) Nasio-Occipital length (NOL): was measured as the greatest 
cranial length from nasion (the intersection of the fronto-nasal 
suture and the median plane but when the fronto-nasal suture forms 
a cleft or gap, nasion was on the midline just at the angle between 
the facial and sutural surfaces of the frontal bone itself) to 
opisthion in the median sagittal plane. 
3) Basion- nasion length (BNL): is the cranial base length which was 
measured as the direct length between nasion and basion (which 
was located on the anterior border of the foramen magnum, in the 
midline, at the position pointed to by the apex of the triangular 
surface at the base of either condyle, i.e., the average position from 
the crests bordering this area). 
4) Basion-bregma height (BBH): is the cranial maximum height 
which was measured as the distance from bregma to basion. 
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Bregma was measured adjacent to the sutures so any depression is 
not incorporated. 
5) Maximum cranial breadth (XCB): is the maximum ectocranial 
breadth perpendicular to the median sagittal plane. It was taken on 
the parietal bone or on the squamous part of the temporal bone 
(above the supramastoid crests).  
6) Maximum frontal breadth   (XFB):was taken as the 
maximum breadth at the coronal suture, perpendicular to the 
median plane.  
7) Bistephanic breadth (STB): was measured as the breadth between 
the intersections, on either side, of the coronal suture and the 
inferior temporal line marking the origin of the temporal muscle 
(the stephanion points). 
8) Bizygomatic breadth (ZYB): was measured as the maximum 
breadth between the lateral surfaces of the zygomatic arches, 
wherever found, perpendicular to the median plane.  
9) Biauricular breadth (AUB): was taken as the least exterior breadth 
across the roots of the zygomatic processes, wherever found.  
10) Minimum cranial breadth (WCB): measured as the breadth across 
the sphenoid at the base of the temporal fossa, at the infratemporal 
crests base.  
11) Biasterionic breadth (ASB): was taken as the direct measurement 
from one asterion to the other. In case where there is a wormian 
bones in the place extension from the three sutures was done the 
taken as intersection point. 
12) Basion-prosthion length (BPL) (Upper Facial length): was 
measured as the facial length from prosthion (the most anteriorly 
prominent point, in the midline, on the alveolar border, above the 
septum between the central incisors) to basion. 
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13) Nasion-prosthion height (NPH) (Upper facial height): measured as 
the superoinferior length from nasion to prosthion.  
14) Nasal height (NLH):  was taken as the average height from nasion 
to the lowest point on the border of the nasal aperture on either side.  
15) Orbit height (OBH): measured as the height between the upper and 
lower borders of the orbit, perpendicular to the long axis of the orbit 
and bisecting it, this was measured on the left side except when 
broken. 
16) Orbit breadth (OBB): taken as the breadth from ectoconchion (the 
intersection of the most anterior surface of the lateral border of the 
orbit and a line bisecting the orbit along its long axis) to dacryon 
(the apex of the lacrimal fossa, as it impinges on the frontal bone), 
approximating the longitudinal axis which bisects the orbit into 
equal upper and lower parts, this was measured on the left side 
except when broken.  
17) Bijugal breadth (JUB):  measured as the external breadth across the 
malars at the jugalia, i.e., at the deepest points in the curvature 
between the frontal and temporal process of the malars.  
18) Nasal breadth (NLB): taken as the distance between the anterior 
edges of the nasal aperture at its widest extent, this is both visual and 
instrumental measurement. 
19) Palate breadth (MAB): measured as the greatest breadth across the 
alveolar borders, wherever found, perpendicular to the median 
plane, it was usually at the level of M2 but may be M3.  
20) Mastoid height (MDH): taken as the length of the mastoid process 
below, and perpendicular to, the eye-ear plane, in the vertical plane.  
21) Mastoid width (MDB): taken as the width of the mastoid process at 
its base, through its transverse axis. Measured from digastric groove 
to the corresponding level on the external surface of the process, 
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transversely with reference to the process itself, not with reference 
to the skull. Where the digastric groove is not the 
obvious inner limit, because of irregularities in the formation of the 
process, measure from the base of the main body of the latter. 
22) Bimaxillary breadth (ZMB): measured as the breadth across the 
maxillae, from one zygomaxillare anterior to the other.  
23) Bimaxillary subtense (SSS): measured as the projection or subtense 
from subspinale to the bimaxillary breadth.  
24) Bifrontal breadth (FMB): taken as the breadth across the frontal 
bone between fronto-malare anterior on each side, i.e., the most 
anterior point on the fronto-malar suture.  
25) Nasio-frontal subtense (NAS): measured as the subtense from 
nasion to bifrontal breadth. 
26) Biorbital breadth (EKB): taken as the breadth across the orbits 
from ectoconchion to ectoconchion.  
27) Dacryon subtense (DKS): taken as the mean subtense 
from dacryon to the biorbital breadth. This was measured in the left 
side. 
28) Interorbital breadth (DKB): measured as the breadth across the 
nasal space from dacryon to dacryon.  
29) Simotic chord (Least nasal breadth)   (WNB): taken as the 
minimum transverse breadth across the two nasal bones, or chord 
between the naso-maxillary sutures at their closest approach.  
30) Malar length, inferior (IML): measured as the direct distance from 
zygomaxillare anterior (which was determined as the intersection of 
the zygomaxillary suture and the limit of the attachment of the 
masseter muscle, on the facial surface) to the lowest point of the 
zygo-temporal suture on the external surface, on the left side.  
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31) Malar length, maximum (XML): taken as the total direct length of 
the malar in a diagonal direction, taken from the lower end of the 
zygo-temporal suture on the lateral face of the bone, to zygoorbitale 
(the  junction of the zygo-maxillary suture with the lower border of 
the orbit, on the left side). 
32) Malar subtense (MLS): measured as the maximum subtense from 
the convexity of the malar angle to the maximum length of the bone, 
at the level of the zygomaticofacial foramen, on the left side.  
33) Cheek height (WMH): taken as the minimum distance, in any 
direction, from the lower border of the orbit to the lower margin of 
the maxilla, mesial to the masseter attachment, on the left side. 
34) Supraorbital projection (SOS ): measured as the maximum 
projection to the left supraorbital  arch  between  the midline, in 
the  region of glabella or above, and the frontal bone just anterior to 
the temporal line in its forward part, measured as a subtense to the 
line defined.  
35) Glabella projection (GLS) : taken as the maximum projection of 
the midline profile between nasion and supraglabellare (or the point 
at which the convex profile of the frontal bone changes to join the 
prominence of the glabellar region), measured as a subtense. 
36) Foramen magnum length (FOL): measured the length from basion 
to opisthion (the posterior margin of the foramin magnum in the 
midline).   
37) Foramen magnum breadth (WFM): measured as the maximum 
breadth of the foramen magnum.  
38) Nasion-bregma chord (Frontal chord) (FRC): measured as the 
direct distance from nasion to bregma, taken in the midplane and at 
the external surface.   
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39) Nasion-bregma subtense (Frontal subtense) (FRS): taken as the 
maximum subtense, at the highest point on the convexity of the 
frontal bone in the midplane, to the nasion-bregma chord.  
40) Nasion-subtense fraction (FRF): taken as the distance along the 
nasion-bregma chord, recorded from nasion, at which the nasion-
bregma, or frontal, subtense falls. 
41) Bregma-lambda cord (Parietal cord) (PAC): measured as the direct 
distance from nasion to bregma, taken in the midplane and at the 
external surface.   
42) Bregma-lambda subtense (Parietal subtense) (PAS): measured as 
the maximum subtense, at the highest point on the convexity of the 
parietal bones in the midplane, to the bregma-lambda chord. 
43) Bregma-subtense fraction (PAF): taken as the distance along the 
bregma-lambda chord, recorded from bregma, at which the bregma-
lambda, or parietal, subtense falls.  
44) Lambda-opisthion cord (Occpital cord) (OCC): measured as the 
direct distance from nasion to bregma, taken in the midplane and at 
the external surface.   
45) Lambda-opisthion subtense (Occipital subtense) (OCS): taken as 
the maximum subtense, at the most prominent point on the basic 
contour of the occipital bone in the midplane. 
46) Lambda-subtense fraction (OCF): measured as the distance along 
the lambda-opisthion chord, recorded from lambda, at which the 
lambda-opisthion, or occipital, subtense falls. 
47) Vertex radius (VRR): taken as the perpendicular to the transmeatal 
axis from the most distant point on the parietals (including bregma 
or lambda), wherever found. 
48) Nasion radius (NAR): measured as the perpendicular to the 
transmeatal axis from nasion. 
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49) Subspinale radius (SSR):  taken as the perpendicular to the 
transmeatal axis from subspinale (The deepest point seen in the 
profile below the anterior nasal Spine). 
50) Prosthion radius (PRR): is the perpendicular to the transmeatal axis 
from prosthion. 
51) Dacryon radius (DKR): is the perpendicular to the transmeatal axis 
from the left dacryon. 
52) Zygoorbitable radius     (ZOR): is the perpendicular to the 
transmeatal axis from the left zygoorbitale. 
53) Frontomalare radius (FMR): is the perpendicular to the transmeatal 
axis from the frontomalare anterior. 
54) Ectoconchion radius (EKR): is the perpendicular to the transmeatal 
axis from the left ectoconchion.  
55) Zygomaxillare radius (ZMR): is the perpendicular to the 
transmeatal axis from the left zygomaxillare anterior. 
56) Molar alveolus radius (AVR): is the perpendicular to the 
transmeatal axis from the most anterior point on the alveolus of the 
left first molar. 
57) Bregmatic radius (BRR): is the perpendicular to the transmeatal 
axis from the bregma. 
58) Lambda radius (LAR): is the perpendicular to the transmeatal axis 
from the lambda. 
59) Opisthion radius (OSR): is the perpendicular to the transmeatal 
axis from the opisthion. 
60) Basion radius (BAR): is the perpendicular to the transmeatal axis 
from the basion. 
61) Minimum frontal breadth (ft-ft): is the direct distance between the 
two frontotemporale (ft). 
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62) Upper facial breadth (fmt-fmt): is the direct distance between the 
two external points on the frontomalar suture (fmt). 
63) Frontal arch (FARCH): is the direct distance from nasion to 
bregma taken in the midsagittal plane.  
64) Parietal arch (PARCH): is the direct distance from bregma to 
lambda taken in the midsagittal plane.                                                                   
65) Occipital arch (OARCH): is the direct distance from lambda to 
opisthion taken in the midsagittal plane.                                                                         
66) Total arch (TOTARCH): is the direct distance from nasion to 
opisthion taken in the midsagittal plane. 
67) Bimastoidae breadth (BIMAS): is the direct distance between the 
two apices of mastoids. 
68) Porion to porion breadth (PP): is the direct distance between the 
porions. 
69) Maximum bimastoid breadth (Mbsl): is the greatest distance 
separating the most prominent points on the two mastoid processes.  
70) Transverse bregmatic arc (Q): is the transverse arc between the two 
porions, through the bregma. 
71) Transverse vertex arc (Q1): is the transverse arc between the two 
porions, through the vertex.  
Radiological measurements: 
This was performed in the cranial images of the Northern Sudanese 
to measure seven dimensions. Computed tomography (CT) scanner 
(Siemens, Germany) was used to obtain the data. CT has the 
advantage of sectional imaging in the same session and of archiving 
the raw images in DICOM format. Individuals included in the study 
were randomly selected from recent Northern Sudanese among a 
group of patients who had brain CT for several reasons in the 
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Radiology Department in Ribat University Hospital. The study was 
made prospectively, and patients with congenital or acquired disease 
or abnormality causing probable cranial deformities were excluded 
from the study. Verbal consent was taken to use the measurements 
in research.  
During each scanning, subjects were placed in a supine position. 
Axial scanogram was obtained using the following setting: kVp 120, 
mA: 50, Rotation time: 0.58, and Slice thickness: 1mm. The samples 
CTs lateral views were later measured using MagicView 300 
application present with the machine so as to avoid problems of 
magnification.  
From these measurements three indices were calculated as to 
explore the morphological differences in two dimensions and these 
were: 
1) Length-Height Index = 100* (BBH/GOL). 
2) Gnathic Index=100*(BPL/BNL). 
3) Skull base –length ratio =100*(BNL/GOL). 
2.3. Intra- and inter-observer errors: 
For studies on skeletal (and living) populations, the methods most 
commonly used for measurement error evaluation are the simple 
calculation of the mean differences (in mm) obtained from two compared 
data sets, the paired t-tests and secondarily the correlation coefficients (r) 
(164). The other method is to calculate the mean differences from the 
mean and if they are less than 2 mm they are acceptable(39). 
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2.3.1. Non metric traits: 
Prior to data collection sexing of different crania was attempted twice by 
the author with one month interval and checked by an independent 
observer and by evidence from compiled literature, and no difference was 
observed from results of Collet (9).  
2.3.2. Metric traits: 
The metric variables were tested in two steps: 
Firstly, intra-observer error was tested between two sets of measurements 
of the same crania taken by the author; and, secondly, inter-observer error 
was tested by comparing measurements on certain crania to those 
reported by other workers. 
For testing intra-observer error, 20 crania from each group were 
measured twice within a month interval. Measurements for different data 
sets were repeated for the three samples of crania during two periods 
(separated at least by six months), in order to ensure adequate training 
and quality control across time (from 9.30 to 04.30) for the author. 
All metric traits previously indicated were analyzed for intra-observer 
error. 
For testing  inter-observer error, data set from 20 Kerma crania were 
obtained from compiled data  as it was measured by Collet(9) and tested 
for inter-observer error. However, only 15 metric traits for cranium were 
used for inter-observer error, as Collet did not use the same definition for 
all measurements and also because the measurements in this thesis are 
more than those reported by Collet.   
In order to evaluate the differences between data sets obtained by the 
author and others, the mean difference between each pair of samples was 
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calculated and compared to the mean of each sample. Paired t-tests were 
also performed, as they provided a level of significance of the differences 
in the mean between the paired data sets. The Pearson’s correlation 
coefficient was also used to show whether the data sets covaried in the 
same way or not.  
The intra-observer error: 
The three sets of intra-observer results obtained from the Nubian sample 
(1a and 1b), Kerman Sample (2a and 2b) and recent population (3a and 
3b) showed that the mean differences in these cases never reached 1 mm. 
All the variables appeared to have high correlation coefficients (≥0.90), 
see Appendix 2.  
Across time (from 2007 up to 2008), the mean differences were below 0.5 
mm which indicates the reliability in using these measurements.  
The inter-observer error: 
For testing inter-observer error, 15 cranial measurements were selected. 
These corresponded to measurement reported by Collett(9).The mean 
difference for all of the measurements was below 1mm thus it did not 
even approach the critical value of  2mm, see Appendix 3 (4a and 4b) . 
Most of the measurements of paired t-tests appear to be not significant. 
The correlation coefficients were always very high (r≥0.85). 
2.4. Statistical methods: 
Analyses were conducted using Statistical Package for the Social 
Sciences (SPSS) for windows, version 15,0.And principle component 
analysis was done using SPSS and PAST software (available online at: 
http://folk.uio.no/ohammer/past).  
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2.4.1. General approach and assumptions: 
The samples examined in this dissertation consisted of data measured by 
the author and compiled data from the literature. This resulted in 
comparing between large sample (as those obtained by the author) and 
small ones (some compiled literature). Statistically, this would contribute 
to a fundamental violation of parametric test assumption, namely the need 
for equal variances. The simplest way of circumventing this problem is 
the use of sample means for comparisons. But not all statistics, however, 
can be conducted by comparing group means. The examination of range 
of variations between sexes in various groups is a crucial component in 
the analyses of this thesis. Some statistical methods may be applied to 
allow for the examination of this variation, even with unequal sample 
sizes. In the case of analyses of variance (ANOVAs)—wherein 
heterogenic variances have the greatest effect— Levene's test is a good 
indicator of violations of homogeneity in variances and therefore it was 
used(165).  
Before proceeding for various statistical orders, exploration of data was 
conducted to detect outliers and to assess distribution normality in all data 
using Lilliefors test. 
2.4.2. Descriptive statistics (1st order statistics): 
The general descriptive statistics for all of the osteometric measurements 
providing the means, standard deviations, and ranges for all of the 
measurements were calculated for each group. Then the coefficient of 
variance was calculated for each measurement to assess variability within 
groups. The male to female ratio was calculated using the mean of each 
measurement.  
 
 60 
2.4.3. Independent t-test and ANOVA (2nd order statistics): 
Student t-test was used to establish whether significant differences exists 
(p≤0.05) between the male and female mean measurement for each of the 
measurements. 
Univariate ANOVAs, however, were used to determine which 
dimensions significantly varied among the samples under consideration 
for each analysis. The tests were conducted within sex as it was the 
examining factor in all analysis.  
2.4.4. Discriminant function, MANOVA, and Principal Components 
Analysis (3rd order statistics): 
Multivariate statistics procedures in the form of discriminant functions 
analysis using MANOVA, and principle components analysis were 
conducted in this thesis.  
MANOVA and discriminant function analysis are used to find one or 
more functions of quantitative measurements that can discriminate 
between sexes or groups. The discriminant function analysis has two 
main applications: analysis i.e. interpretation of the ways in which the 
groups differ from each others, and classification i.e. the procedure 
generates classification function coefficients that are used to designate 
new cases to groups on similarity bases. The new cases can belong to 
either a known, or an unknown sex or ethnic group, thus allowing both 
testing of accuracy with which the discriminant function differentiate 
between groups, and classification of unknown grouped cases to known 
group(166). 
In this thesis a stepwise discriminant function procedure was applied to 
all dimensions to select the best ones for discrimination between the 
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sexes and groups, using the Wilks’ lambda minimization procedure, to 
determine which variable provided the best discrimination between the 
sexes and groups. Thus stepwise selection begins by entering the 
variables with the lowest Wilk’s lambda in the model. 
The variable that least contributes to the discriminatory power is removed 
from the model if it fails to meet the criterion to stay. Otherwise the 
variable that contributes the most to the discriminatory power that is not 
in the model is entered. The procedure stops when all variables meet the 
criterion to stay and no others can be entered. 
In order to analyze the effectiveness of the functions to assign sexes and a 
certain group, a “leave one out classification” technique was applied to 
the sample to measure the accuracy of multivariate classification. This 
procedure classifies each cranium and its parts by the functions derived 
from all cases other than that case itself. This process continues for all 
crania, one by one, until they are all tested, one at a time. 
If the discriminant functions could successfully discriminate male from 
females and between different ethnic groups, the unstandardized 
coefficients would be used for calculating discriminant function scores 
from measurements of crania. A discriminant score is obtained by 
multiplying each craniometrical variable with its unstandardized 
coefficient and adding them together along with the constant. The 
discriminant score is then compared to the cut off (demarking) point 
which is calculated by averaging the two group centroids. A value greater 
than the cutoff point indicates a male, a lower value a female when 
discriminating sexes. While in case of ancestral relationship a value 
greater than cut off point indicates affiliation to certain group. In addition, 
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using a single dimension at a time, direct discriminant function formulae 
were developed (demarking point between the sexes).  
Principal components analysis (PCA) is a powerful exploratory technique 
that involves mathematical procedures to reduce the number of variables 
in a data set by finding linear combinations of those variables that explain 
most of the variability. This analysis is usually used to de-correlate 
possibly correlated variables into smaller uncorrelated variables known as 
principle component. The first principal component accounts for as much 
of the variability in the data as possible, and each succeeding component 
accounts for as much of the remaining variability(165). In this research, 
however, principal components analysis was primarily used as an 
exploratory tool in the search for underlying patterns/structures of 
relationships between discrimination and association of Nubians, 
Kermans, Sudanese and universal populations and corresponding specific 
skeletal features.  
A structure of relationships was considered stable when the clusters of 
sites produced by the analysis corresponded with geographical, 
archaeological, or historical information not included in the original data 
matrix. 
Sample Used for Principal Components Analysis: 
Craniometrical data from Kermans, Nubians and recent northern 
Sudanese were collected by the author. The remaining data were obtained 
by numerous researchers and published in different journals (23–60). This 
precluded the use of raw measurements in the analysis as the majority of 
researchers reported only on the mean values of males for each 
measurement. Consequently, male and female mean values for 7 cranial 
measurements were used in the principal components analysis. The use of 
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mean values in the principal components analysis is not uncommon, nor 
inappropriate (21). Sample sizes (minimum and maximum number of 
observations) were reported for each site included in the analysis. 
2.5. Further comparison of sexual dimorphism: 
 In order to avoid the issue of unequal sizes of the samples, unequal 
number of  the dimensions available and to compare the present data with 
the compiled data reported in the literature, the sample means were used 
as these represented the average morphology for a given group or 
centroid, these data were appropriate for the general sample distinction. 
Sample means were also used to calculate the percentage of sexual 
dimorphism according to the method of Frayer (167): 
   % dimorphism = 100*     male mean-female mean  
                                                    male mean 
This can provide the relative difference between males and females in 
relation to males. Thus if the dimorphism percentage is high then it 
indicates that males have larger size than females, while if the results are 
small it indicates minimal dimorphism regarding that dimension. The 
negative results indicate larger female size with respect to the dimension 
under study.  
2.6. Reference management: 
The management of the references has been done using Endnote X1 
reference manager following Vancouver style. 
 
 
 
 64 
Table (1):  Name, location, number and date of compiled human remains 
samples.  
Group Name and Location Region Males Females Total Date and reference  
Jebel Moyan (Sudan)  Africa 41 41 82 3000-100 B.C.(10) 
Abyssinians (Tigre district) Africa 65 24 89 Modern (159) 
Bahutu or Hutu (Rwanda) Africa 24 18 42 Modern(156) 
Batetela (Congo) Africa 50 27 77 Modern(168) 
Ashanti (Ghana) Africa 18 18 36 Modern (149) 
Gaboon  Africa 50 44 94 Modern (161) 
Badari (Egypt) Africa 36 22 58 5000-4500 B.C.(157) 
Naqada (Egypt) Africa 101 185 286 4500-4000 B.C.(150) 
EL Kubania North (Egypt) Africa 37 22 59 2100 B.C.(150) 
Sedment (Egypt) Africa 40 30 70 2100 B.C. (159) 
Thebes (Egypt) Africa 54 48 102 2000 B.C.(10) 
Modern Egypt (Copts) Africa 60 27 87 Modern(155) 
Egypt (Gizeh)  Africa 58 53 111 600-300 B.C.(136) 
Teita (Kenya)  Africa 34 49 83 Modern(136) 
Dogon (Mali)  Africa 48 53 101 Modern(136) 
Zulu (South Africa)  Africa 55 47 102 Modern(136) 
Bushmen (South Africa)  Africa 41 49 90 Modern(136) 
Andaman Islands  Asia 26 35 54 Modern(136) 
Buriat (Siberia, Baikal region) Asia 54 55 109 Modern(136) 
Ainu (Japan) Asia 48 38 86 Modern(136) 
North Japan  Asia 55 32 77 Modern(136) 
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Tables (1) continued:  Name, location, number and date of compiled 
human remains samples.  
Name and Location Region Males Females Total Date and Reference 
South (Japan) Asia 50 41 91 Modern (136) 
Hainan (East Asia) Asia 45 38 83 200 B.C.(169) 
Atayal (Aboriginal Taiwan) Asia 29 18 47 Modern(162) 
Guam (Pacific Ocean) Asia 31 27 58 Modern (162) 
Burmese Asia 44 39 83 Modern(158) 
Malayan Asia 78 55 133 Modern(151) 
Hindu Asia 69 39 108 Modern(151) 
Medieval Norse (Oslo)  Europe 55 55 110 Medieval(136) 
Medieval Hungary (Zalavar) Europe 54 45 99 900-1100 A.D. (136) 
Berg (Carinthia, Austria) Europe 56 53 109 Modern(136) 
South Australia  Oceania 52 49 101 Modern(136) 
Tolai (New Britain)  Oceania 55 55 110 Modern(136) 
Tasmania Island Oceania 44 42 86 Modern(136) 
Easter Island  Polynesia 49 37 68 Modern (162) 
Moriori (Pacific Ocean) Polynesia 58 51 109 Modern (162) 
Mokapu (Oahu, Hawaii)  Polynesia 51 49 100 1400-1790 A.D. (136) 
Inugsuk Eskimo (Greenland)  Americas 54 54 108 1750 A.D. (136) 
Early Arikara (South Dakota)  Americas 42 27 69 1600-1750 A.D. (136) 
Santa Cruz (America) Americas 51 51 102 Modern (169) 
Yauyos District, Peru  Americas 55 55 110 Modern(136) 
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Table (2): Detailed list of metric traits under study and measurement 
conducted in each group. 
Instrument(1) Measurement Code Used Kerma Nubia Recent Part(2)
SC Glabello-occipital length GOL * * * # 
SC Nasio-occipital length NOL * * # 
SC Basion-nasion length BNL * * * # 
SC Basion-bregma height BBH * * * # 
SC Maximum cranial breadth XCB * * # 
SC Maximum frontal breadth XFB * * ## 
SC Bistephanic breadth STB * * ## 
SC Bizygomatic breadth ZYB * * ## 
SC Biauricular breadth AUB * * ### 
SC Minimum cranial breadth WCB * * ### 
SC Biasterionic breadth ASB * * # 
SC Basion-prosthion length BPL * * * ## 
SLC Nasion-prosthion height NPH * * ## 
SLC Nasal height NLH * * ## 
SLC Orbit height OBH * * ## 
SLC Orbit breadth OBB * * ## 
SC Bijugal breadth JUB * * ## 
SLC Nasal breadth NLB * * ## 
SC Palate breadth MAB * * ## 
SLC Mastoid height MDH * * ### 
SLC Mastoid width MDB * * ### 
CC Bimaxillary breadth ZMB * * ## 
CC Bimaxillary subtense SSS * * ## 
CC Bifrontal breadth FMB * * ## 
CC Nasio-frontal subtense NAS * * ## 
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Tables (2) continued: Detailed list of metric traits under study and 
measurement conducted in each group. 
Instrument Measurement Code Used Kerma Nubia Recent Part 
CC Biorbital breadth EKB * * ## 
CC Dacryon subtense DKS * ## 
CC Interorbital breadth DKB * * ## 
CC Simotic chord WNB * * ## 
SLC Malar length, inferior IML * * ## 
CC Malar length, maximum XML * * ## 
CC Malar subtense MLS * * ## 
SLC Cheek height WMH * * ## 
CC Supraorbital projection SOS * * ## 
CC Glabella projection GLS * * ## 
SLC Foramen magnum length FOL * * ### 
SLC Foramen magnum breadth WFM * ### 
CC Nasion-bregma cord FRC * * * # 
CC Nasion-bregma subtense FRS * * # 
CC Nasion-subtense fraction FRF * * # 
CC Bregma-lambda cord PAC * * * # 
CC Bregma-lambda subtense PAS * * # 
CC Bregma-subtense fraction PAF * * # 
CC Lambda-opisthion cord OCC * * * # 
CC Lambda-opisthion subtense OCS * * # 
CC Lambda-subtense fraction OCF * * # 
R Vertex radius VRR * * # 
R Nasion radius NAR * * ## 
R Subspinale radius SSR * * ## 
R Prosthion radius PRR * * ## 
R Dacryon radius DKR * * ## 
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Tables (2) continued: Detailed list of metric traits under study and 
measurement conducted in each group. 
Instrument Measurement Code Used Kerma Nubia Recent Part 
R Zygoorbitable radius ZOR * * ## 
R Frontomalare radius FMR * * ## 
R Ectoconchion radius EKR * * ## 
R Zygomaxillare radius ZMR * * ## 
R Molar alveolus radius AVR * * ## 
R Bregmatic radius BRR * * # 
R Lambda radius LAR * * # 
R Opisthion radius OSR * * ### 
R Basion radius BAR * * ### 
SC Minimum frontal breadth ft-ft * ## 
SC Upper facial breadth fmt fmt * ## 
SLC Bimastoidae breadth BIMAS * ### 
SLC Porion to porion breadth PP * ### 
SC Maximum bimastoid breadth Mbsl * ### 
T Transverse bregmatic  arc Q * # 
T Transverse vertex arc Q1 * # 
T Frontal arch FARCH * # 
T Parietal arch PARCH * # 
T Occipital arch OARCH * # 
T Total arch TOTARCH * # 
 
 (1) Instrument used for measurements: SC =Spreading caliper, SLC = Sliding caliper, 
CC = Coordinate caliper, T = Tape and R = Radiometer. 
 (2) Measurements conducted: Vault= #, Face= ##, and Base= ###. 
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CHAPTER 3 
RESULTS 
This chapter presents the main results of the statistical analysis of the 
various craniometrical measurements. Summaries of osteometric data are 
also provided. Initial analysis focuses on determination of the general 
pattern of variation. The analytical focus then shifts to consider 
individualization keystones (i.e. sex and race).  First, the sexual 
dimorphism in different groups was examined and if present, then 
population specific sex prediction formulae were explored and tested if 
established. Secondly, sexual dimorphism was compared at 3 different 
levels, local level regarding Northern Sudanese and Nubian series (i.e. 
Nubia and Kerma), African level, and global level. Thirdly, ancestry of 
the recent Northern Sudanese was compared at 3 different levels, first 
regarding Northern Sudanese and Nubian series “local level”, secondly at 
African level, and thirdly at global level using osteometric data for both 
sexes. 
Data distributions  
Almost all osteometric measurements were found to be normally 
distributed except for IML, XML, PAC, and OCS for Nubia, and GLS 
and WFM for Kerma. Therefore parametric statistics were applied.    
3.1. Statistical Analysis: 
3.1.1. Univariate comparisons: 
Mean, minimum, maximum, standard deviation, sexual dimorphism ratio 
(Male mean divided by female mean), coefficient of variation, and t-test  
and male to female ratio of fifty eight cranial measurements for Nubia, 
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seventy for Kerma, and seven for the recent Northern Sudanese were 
calculated . 
3.1.1.1. Nubia:  
Mean, minimum, maximum, standard deviation, sexual dimorphism ratio 
(Male mean divided by female mean), coefficient of variation, and t-test 
and male to female ratio of fifty eight for Nubia series are summarized in 
Table3. 
The male/female mean ratios were found to be greater than unity, 
indicating that the male crania were larger in all linear dimensions than 
female crania except for the orbital height, frontal subtense and occipital 
fraction where the ratio indicated almost equity. 
The male crania had the largest ratios for the measurements of glabellar 
projections, supraorbital projection, mastoid height, mastoid width, and 
basion radius. 
The standard deviation across all measurements for both sexes was 
relatively small. As indicated by the coefficient of variation, the only 
range of variation consistently above 10% was in glabella projection, 
supraorbital projection, basion radius, simotic cord, malar subtense, 
nasio-frontal subtense, bimaxillary subtence, mastoid breadth, inferior 
malar length, parietal subtense, dacryon subtense and mastoid height. 
Most of the measurements of the Nubians showed sexual dimorphism 
with highest t value for mastoid height, subspinale radius, bizygomatic 
breadth, glabello-occipital length, and biauricular breadth. The t-tests 
showed that there was high significant differences between sexes for most 
of the dimensions with p<0.001, moderate signifincance (P<0.01) was 
obtained in bistephanic breadth, bimaxillary subtense, inferior malar 
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subtense, naso-frontal subtense, parietal foramen magnum, parietal 
fraction, lambda radius, and opisthion radius. Some significance (P<0.05) 
was found in parietal subtense; While the  orbital height, bimaxillary 
subtence, dacryon subtense, dacryon breadth, simotic breadth, malar 
subtense, frontal subtense, occipital subtense, and occipital fraction did 
not show any statistical significance. 
3.1.1.2. Kerma: 
Mean, minimum, maximum, standard deviation, sexual dimorphism ratio 
(Male mean divided by female mean), coefficient of variation, and t-test 
and male to female ratio of seventy cranial measurements for Kerma are 
summarized in Table 4. 
The male/female ratios of mean measurements were found to be greater 
than unity, indicating that the male crania were larger in all linear 
dimensions than females except the orbital height and frontal subtense 
which were almost equal in both sexes. 
From the sexual dimorphism ratios calculated for Kerma crania, it was 
evident that the male crania had the largest ratios for the measurements of 
glabellar projections, mastoid width, supraorbital projection, mastoid 
height and basion radius. 
The standard deviation across all measurements for both sexes was 
relatively small with exception of the total arch. As indicated by the 
coefficient of variation, the only range of variation consistently above 
10% was in glabella projection, supraorbital projection, simotic cord, 
bimaxillary subtence, basion radius, mastoid breadth, malar subtense, 
mastoid height, and nasio-frontal subtense. 
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Most of the measurements of the Kerma crania showed sexual 
dimorphism with highest t value for bizygomatic breadth, biauricular 
breadth, bijugal breadth, maximum bomastoidal breadth. The t-tests 
showed the presence of high significant sexual differences (P<0.001) for 
most of the measurements, moderate significance (P<0.01) for upper 
facial height, nasal breadth, naso-frontal subtense, parietal arch, some 
significance (P<0.05) for  upper facial length, parietal fraction, and molar 
alveolus radius; While differences in the orbital height, bimaxillary 
subtence, dacryon breadth, simotic breadth, frontal subtense, parietal 
subtence, occipital subtense, and occipital fraction were not statistically 
significant .  
3.1.1.3. Recent Northern Sudanese: 
Mean, minimum, maximum, standard deviation, sexual dimorphism ratio 
(Male mean divided by female mean), coefficient of variation, and t-test  
and male to female ratio of seven cranial measurements for recent 
Northern Sudanese are summarized in Table 5. 
The male/female ratios for the mean measurements were found to be 
greater than unity, indicating that the male crania were larger in all linear 
dimensions than female crania. 
From the sexual dimorphism ratios calculated for recent Sudanese 
population, it was evident that the male crania had the largest ratios for 
the measurements of basion-nasion length, and glabello-occiptal length. 
The standard deviation across all measurements for both sexes was 
relatively small except for parietal cord for females. As indicated by the 
coefficient of variation, the range of variation was consistently low. 
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Most of the measurements of the recent Sudanese showed sexual 
dimorphism with highest t value for glabello-occipital length and basion-
nasion length. The t-tests showed the presence of high significance 
(P<0.001) for most of the measurements except for the parietal cord 
which was not statistically significant and occipital cord which was 
moderately significant.  
3.2. Multivariate comparison: 
Multivariate analysis of sexual dimorphism in the Nubian, Kerman and 
recent Northern Sudanese cranial series were performed using canonical 
variates analysis (CVA), MANOVA, and stepwise discriminant analysis 
to examine whether it was necessary to use all the variables for good 
discrimination between the sexes. The Wilk’s lambda shows the percent 
of contribution of each variable, and determines the order of variables to 
enter the function. The program default criterion was used to determine 
the F values 2.71 to remove and 3.84 to enter the variable into function. 
Standardized coefficients quantify the contribution of a variable to the 
overall classification. Structure coefficients are the simple product 
moment correlations between the variable and the function. To calculate 
the discriminant scores each craniometrical variable was multiplied with 
its unstandardized (raw) coefficient, which acts to “weight” the variable 
according to its contribution to sex differences, and then these values 
were then added together along with the constant. The constant has no 
inherent value and only serves to calibrate the sectioning point to zero if 
the number of cases in both groups is similar. When group numbers 
differ, the male-female sectioning point was determined as being halfway 
between the mean score for males and the mean score for females. The 
discriminant score is then compared with the sectioning point. A 
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discriminant score greater than the sectioning point is classified as a male, 
and a lower value than the sectioning point is classified as a female. 
3.2.1. Nubia:  
a) Complete crania:  
Based on the above, of the fifty eight variables used for Nubia, only 
seven variables were selected, with the subspinale radius being the most 
dimorphic and thus the first variable to be selected by the stepwise 
discriminant analysis. Once this was removed from the analysis, the 
remaining variables were reassessed and selected. It was determined that 
glabello-occipital length, mastoid breadth, maximum malar length, cheek 
height, supraorbital projection, and nasion-subtense fraction also 
contributed to the sex differences (Table 6, Function 1). Then 
discriminant function was developed and section point was calculated 
(Table 7, Function 1). Multivariate and cross-validation classification was 
conducted; an average accuracy of 88.7% was obtained. The validity of 
this equation using “leave-one-out” classification method showed no 
change between the original and cross validated percentage average 
accuracy as it scored 87.6% (Table 8, Function 1). 
b) Cranial subdivisions: 
Based on the assumption that sometimes the crania are found incomplete, 
different functions for determining sex from the cranium in varying 
degrees of completeness were developed. Tables 6, 7, 8 Function 2 
included only the base measurements where mastoid height, biauricular 
breadth, and basion radius were selected as the best variables. Tables 6,7, 
8 function 3 included only the face measurements where the subspinale 
radius, bizygomatic breadth, supraorbital projection, cheek height, and 
maximum malar length were shown to be the best variables. Tables 6,7,8 
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function 4 included only the vault measurements where glabello-occipital  
length, occipital subtense, nasion-subtense fraction, nasio-occipital 
length, and basion-nasion length were selected. An average accuracy of 
83.3 to 82.4 % was obtained. The validity of these equations using 
“leave-one-out’’ classification method showed an average accuracy 
percentage of 81.2 to 80.2%.The results showed that the face and the base 
had superior prediction to the vault. 
c) Best univariates: 
Table 9 shows that three functions were developed using direct analysis 
of the best 3 variables discriminating males from females and the 
variables used were supraspinale radius, bizygomatic breadth and mastoid 
height with average prediction accuracy ranged from 75.8% to 80.7%.The 
validity of these equations using “leave-one-out’’ classification method 
showed no change between the original and cross validated percentage, 
see Table 10. 
The percentage of prediction accuracy in females was higher than males 
in all the equations except for function 5 which utilized the subspinale 
radius.  
3.2.2. Kerma:  
a) Complete crania:  
Using seventy variables for kerma crania, only four variables were 
selected, with the bizygomatic breadth being the most dimorphic and thus 
the first variable to be selected by the stepwise discriminant analysis 
(Table 11, Function1). Once this was removed from the analysis, the 
remaining variables were reassessed and selected. It was determined that 
maximum frontal breadth, glabellar projection, and inferior malar length 
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also contributed to the sex differences (Table 12, Function 1). Using 
discriminant score an average accuracy of 90.2% was obtained. The 
validity of this equation using “ leave-one-out’’ classification method 
showed an average accuracy as it scored 87.7% (Table 13, Function 1). 
b) Cranial subdivisions: 
Then discriminant functions using cranial segments were done. The base 
measurements were selected as the best variables to develop function 2 as 
it included biauricular breadth, mastoid breadth, porion to porion, 
bimastoidae breadth, and mastoid height (Table 11,12); function 3 
included only the face measurements which were the bizygomatic 
breadth, glabellar projection, maximum frontal breadth and inferior malar 
length, and function 4 included only the vault measurements where 
glabello-occipital length, nasion-subtense fraction, maximum cranial 
breadth, and basion-nasion length were selected (Tables 11,12) . An 
average accuracy of 90.2 to 82.5 % was obtained. The validity of this 
equation using “leave-one-out’’ classification method yielded an average 
accuracy of 84.4 to 81.2%.The face was superior to the base and vault 
(Table 13, Function 2, 3, and 4). 
c) Best univariates: 
Three functions were developed using direct analysis of the best 3 
variables discriminating males from females and the variables used were 
bizygomatic breadth, biauricular breadth and glabello-occipital length 
(Table 14).The average prediction accuracy was found to decrease from 
83.1 to 77.3%.The validity of these equations using “leave-one-out’’ 
classification method showed no change between the original and cross 
validated percentage except for the glabello-occipital length (Table 15). 
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The percentage of accuracy of sex prediction was found to be higher in 
female in all equations except for those utilizing the complete cranium 
and the face. 
3.2.3. Recent Northern Sudanese: 
Using seven variables for the recent Sudanese, only three variables were 
selected (Table 16), with the glabello-occipital length being the most 
dimorphic and thus the first variable to be selected by the stepwise 
discriminant analysis. Once this was removed from the analysis, the 
remaining variables were reassessed and selected. It was determined that 
the basion-nasion length and basion-bregma height also contributed to the 
sex differences (Table 17). Using discriminant score, an average accuracy 
of 81.8% was obtained. This was less than using all the variables via 
direct method where 83.6 % accuracy was obtained (Table 18, 19). The 
validity of this equation using “leave-one-out’’ classification method 
showed less scores with 79.1% for stepwise and 77.3 % when using all 
variables (Table 19). 
Direct analysis for the best three variable showed an average accuracy of 
78.2 to 70% and a cross validation of 78.2 to 67.3%. (Table 18, 19 
Function 3, 4, 5 and 6) 
3.3. Sexual dimorphism percentage: 
The use of sexual dimorphism percentage allowed the author to compare 
the data with other populations. But due to the limited number of 
variables measured in recent Northern Sudanese population, only seven 
variables (2 for the face and 5 for the vault) were used.The variables used 
were glabello-occipital length, basion-nasion length, basion-bregma 
height, basion-prothesion length, frontal chord, parietal cord and occipital 
cord. Although the basion-nasion is originally skull base length but also it 
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indicates the facial forwarding projection in the upper part of the face in 
the lateral view, that is why some authors dealt with it as facial part in 
sexual dimorphism(137). 
3.3.1. Local level: 
The results showed that the metrical variables that were the most sexually 
dimorphic were related to the face in recent Sudanese and Nubians (5.7% 
and 5 % in the face compared to 4.1% and 3.4 % respectively in the 
vault), while in Kerma and Jebel Moyans the vault variables were found 
to be more dimorphic than the face (4% and 5.6 % compared to 3.3% and 
4.5% respectively). The highest sexual percentage in the recent Sudanese 
was found by using basion-nasion length and glabello-occipital length 
(6.1% and 5.5% respectively),while for the Nubian the highest sexual 
dimorphism percentage was found in basion-nasion length and basion-
bregma height (5.4% and 5% respectively). Jebel Moyans showed the 
highest dimorphism in the occipital and parietal cords with 8.4 and 5.6 
respectively. Kerman series result indicated that the highest sexual 
dimorphism was in basion-nasion length and glabello-occipital length 
with 4.7 and 4.4 % respectively   (Fig.1). 
3.3.2. Sudanese and Africans (Modern and Old series): 
The results comparing sexual dimorphism in each variable present in 
Nubia, Kerma and recent Northern Sudanese samples with old and 
modern African series showed that the glabello-occipital length was more 
sexually dimorphic in recent Sudanese (5.6%), Gizeh from Egypt (5.4%), 
and Teita from Kenya (5.1%) than other modern African groups. The 
South African had the least sexual dimorphism i.e. 3.1% for Zulu and 
3.6% for Bushman, in modern series. The Sedement from Egypt, Jebel 
Moya and Nubia were more dimorphic with 5, 4.7, and 4.6 percent 
 79 
respectively, while the Badarian from Egypt were the least (3.1%) in the 
old series (Fig.2) 
The basion-nasion length showed relatively high sexual dimorphism in 
recent Sudanese (6.1%) and Teita (5.8%) of modern group while Nagada 
(6.4%), Sedement (6.1%), Gizeh (5.6%) and Nubia (5.4%) were more 
sexually dimorphic in the old series (Fig.3). 
The basion-bregma height showed that the males were more different 
from females in Abyssinians (5.2%), Copts (5%), Congo (4.7%), and 
recent Sudanese (4.5%) in modern series and Sedement, Jebel Moya, and 
Nubia in old ones with 5 percent for each (Fig.4). 
The basion-prothsion length was found to be much smaller in the females 
than males in Teita (6.1%), Gizeh (5.5%) and recent Northern Sudanese 
(5.4%), but very close to each other in Kerma (1.9%), Gabbon (2%), 
Ghana (2.3%), and Badarian (2.5%) (Fig.5). 
Sexual dimorphism percentage regarding the frontal cord was found to be 
high in Sedment and Thembes (4.8%). Nubia, Kerma, and Jebel Moya 
and recent Sudanese were more similar between 4.2-4.6%.The 
Abyssinians males had the highest sexual differences with 5.5%.The 
Teita, recent Northern Sudanese and Zulu scored the minimum difference 
with 2.5%, 2.2% and 2 % respectively (Fig.6). 
The parietal cord of Jebel Moya series showed the highest percentage 
compared to Nubians, Kermans, and recent Northern Sudanese with 5.6 
percent and the recent Sudanese scored the least with 1.6 percent. The 
Zulu showed the minimum dimorphism in other Africans with 2.5 percent 
(Fig.7). 
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The occipital cord showed the greatest variability in sexual dimorphism 
in Sudanese and Africans. Jebel Moya series showed that highest 
difference between males and females (8.4%), while the Nubians scored 
the lowest with 2.8 %.On other hand the Teita females showed to have a 
longer occipital cord than their males. Most of the African series showed 
minimal differences concerning the occipital cord (Fig.8). 
The face mean measurements showed a higher sexual dimorphism 
percentage in all series except for Jebel Moya, and Kerma where the 
reverse was observed (Fig.9).  
3.3.3. Sudanese and Universal (Global) modern series: 
The detailed sexual dimorphism for each dimension is illustrated in (Fig. 
10-16). Concerning the vault mean percentage as shown in Figure17, the 
Jebel Moyans showed the highest sexual dimorphism and this makes 
them close to North Japanese and Polyneasian. The recent Northern 
Sudanese were more sexually dimorphic in vault dimensions than most 
Africans except Abyssinians, and were similar to central European, 
Oceanians, and Peruvians. The face mean of the recent Sudanese (5.7%) 
was similar to Teita, most Asians, Peruvian and Polynesians, and was 
higher than other Africans but lower than Ainu (6.6%) (Fig.17). 
3.4. Ancestral relationship of recent Sudanese to Nubians: 
The pooled sample of the three groups was explored to see if there were 
sexual differences between different groups. The results showed that 
there was significant difference between groups and within sexes. The 
greatest sexual dimorphism between the three groups was evident in 
glabello-occipital length and basion-nasion length (Table 20). ANOVA 
test showed that there was a significant difference between the groups in 
parietal cord glabello-occipital length, and basion bregma height (Table 
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21). Pooled crania was examined using Post-hec test and showed that the 
variation was significant between the recent Sudanese and old groups 
(Nubians and Kermans), who in themselves did not show a significant 
difference (Table 22). To explore which sex was more variable, the 
variation between the three groups using sex as filtration tool was carried 
out. Then discriminant function formulae were developed to determine 
the racial affinity using Mahalanobis distance in males and females.   
3.4.1. Ancestral relations between males: 
The regression developed two functions of discrimination (Table 23,24). 
These results of discriminant function analysis indicated that of the total 
males 60.8% could be assigned correctly to their proper group. Thus the 
discrimination between these three groups was poor (Table 25). But when 
looking at each group separately, it was found that Nubians and Kermans  
were close to each other with correct assignment of 51.6% and 54.3% 
respectively while recent Northern Sudanese were highly clustered  with 
correct assignment of 84.1%.Figure 18 shows diagrammatically the 
plotting of the three groups using the two functions or canonical variates. 
This indicated that there was overlap between the three groups but this 
overlapping was marked between Nubia and Kerma crania while Recent 
Sudanese were more directed to the right on the first function. The first 
canonical variate was found to be responsible for 94.4% of intergroup 
variation. Centroid values of -0.578, -0.455 and 1.409 for Nubians, 
Kermans and recent Northern Sudanese respectively indicates that 
variation along this axis contributes primarily to the discrimination of 
recent Sudanese males. Measurements contributing primarily to this 
discrimination were parietal cord. Although the second canonical variate 
is responsible for 5.6% of variance between the three groups, the pattern 
of discrimination was interesting. As centroid values of -0.159, 0.384 and 
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-.019 for Nubia, Kerma and recent groups respectively indicated that the 
Kerma group had a different pattern in their glabello-occipital length, 
frontal cord and basion-bregma height compared to others. 
 3.4.2. Ancestral relations between females: 
Then another regression was done in females, and two functions were 
developed (Table 26, 27).These results of discriminant function analysis 
indicated that 62.1% of the total females could be assigned correctly to 
their proper group. Thus the discrimination between the three groups was 
quite poor. On looking at each group separately, it was found that Nubia 
and Kerma  group were less close to each other with correct assignment 
of 53.6% and 61.2% respectively, and the recent Sudanese were less 
clustered than males with correct assignment of 75.6% (Table 28).Then 
the two functions were plotted to each group separately then as aggregate 
(Fig.19). This plotting showed that there is extensive overlap between the 
three groups but Recent Sudanese are more directed to the right on the 
first function. 86.9% of intergroup variation was attributed to the first 
canonical variates. Centroid values of -0.312, -0.606 and 1.437 for Nubia, 
Kerma and recent Northern Sudanese respectively indicated that variation 
along this axis contributed primarily to the discrimination of recent 
Sudanese females. The parietal cord was found to the primary 
measurement contributing to this discrimination. The positive loading of 
this variable suggested the tendency of recent Sudanese to have long 
parietal cord. The Nubian and Kerma females were found to be highly 
similar in this regard. The second canonical variates was responsible for 
13.1 % of variance between the three groups, the pattern of 
discrimination is different from that obtained in males. Centroid values of 
-0.456, 0.296 and -0.085 for Nubian, Kerman and recent Northern   
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Sudanese groups respectively, indicated that the Kerma females followed 
by recent Northern Sudanese females tend to have higher brain case 
(basion- bregma height) and longer basion-nasion length than Nubian. 
3.5. Morphological indices for Sudanese and universal crania: 
In order to explore the relationship in two dimensions three indices were 
calculated and the results showed that the recent Sudanese males had 
height-length index of 70.6% compared to Nubians (72.3%) and Jebel 
Moyans who scored the highest index (76.2 %).The results of females 
showed that the females results of recent Sudanese and Kermans 
exceeded their male counterparts with 71.2 and 72.6 percent respectively. 
The lowest indices were found in Australian, Bushman and Norse males 
and females. The highest indices were found in Asian males and females 
except Hindu (Table 29).   
The gnathic index was found to be higher in Jebel Moyans males 
compared to females with 99.3 and 98.6 percent respectively while 
Nubians and Kermans and recent Northern Sudanese showed that the 
females had a larger index than males. The highest male and female index 
was found in Oceania series and west Africans (Table 30).  
The base of the skull length to length index showed the lowest values for 
the recent Sudanese with 52.5 and 52.2 percent for males and females 
respectively while the other three groups were similar but Jebel Moyans 
showed the highest result. The Polynesians, some Asians, and Copts 
consistently showed higher results than Africans and Europeans (Table 
31).   
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3.6. Ethnic affinity of recent Sudanese to global series: 
In this analysis the principle component analysis (PCA) was used 
utilizing measurements from different universal (global) sites for males 
and females. Male PCA of Sudanese and other universal populations is 
shown in Figure 20.The procedure calculated thirty one  principle 
components to account for the total variability in the data set, the first two 
of which accounted for 79.8% of variability of the sample and revealed 
broad craniometrical affinity between populations, see Appendix 4. The 
first component accounts for 58.3% and the second for 21.5%. Inspection 
of the plot contrasting PC1 and PC2 reveals that the crania from these 
series evince some spread along PC1, indicating a range of “sizes” 
between groups. PC2 provides some information about the shape between 
groups. The results showed that the greatest differences between groups 
across PC1 were attributed to cranial length, parietal cord length and to 
some degree the cranial height. While that of PC2 were attributed to 
parietal cord length, and midline facial forward projection (BPL and 
BNL). The recent Sudanese were in the same position with Bushman, 
Teita and Tasmanians along PC1, and closer to Abyssinians, Nubians and 
Kermans along PC2.   
Using females data 31 components were calculated as the source of 
variability ( see Appendix 5). The first two components accounted for 
81.1% of the total variability. The first component accounted for 60.2% 
and the second accounted for 19.9% indicating the importance of the size 
element in this case more than in males. The same general pattern of 
variation present in males was observed (Fig.21). The results indicated 
that the recent Northern Sudanese males and females are distinct with 
some degree of closeness to Africans especially Nubians, Kermans, 
Abyssinians and Egyptians. Jebel Moyan series was found to be close to 
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Asians, Andaman and Peruvian.  Teita (Kenya) showed higher degree of 
variation than West Africans and was closer to Australian and 
Tasmanians. The Sudanese took a very distinct position at one end and 
Mokapu was at the other extreme.   The Sudanese females are larger in 
size and different in shape pattern compared to most African females. 
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Table (3): Summary of descriptive data of Nubia (in mm) with independent sample t-test for males and females, 
and male to female ratio  
SEX   GOL NOL BNL BBH XCB XFB STB ZYB AUB WCB 
Male N 129 129 129 129 129 129 129 127 129 129
  Mean 183.27 180.67 101.02 132.61 135.58 114.11 109.87 127.12 117.54 69.50
  Minimum 167 165 91 119 120 103 97 113 105 60
  Maximum 199 195 112 145 150 127 124 137 129 78
  S.D. 6.093 5.867 4.251 5.546 6.022 5.203 6.217 5.097 5.030 4.066
  C.V. 3.324 3.247 4.208 4.182 4.441 4.559 5.658 4.010 4.279 5.850
Female N 58 58 58 58 58 58 58 53 58 58
  Mean 174.78 173.19 95.60 126.05 131.86 109.95 106.64 119.96 111.91 67.26
  Minimum 161 160 89 118 120 99 93 111 105 60
  Maximum 186 184 106 137 143 120 118 128 118 77
  S.D. 6.210 6.065 3.718 4.729 5.226 4.911 5.399 4.261 3.629 3.537
  C.V. 3.553 3.502 3.889 3.752 3.963 4.467 5.063 3.552 3.242 5.259
Total N 187 187 187 187 187 187 187 180 187 187
  Mean 180.64 178.35 99.34 130.58 134.43 112.82 108.87 125.01 115.80 68.81
  Minimum 161 160 89 118 120 99 93 111 105 60
  Maximum 199 195 112 145 150 127 124 137 129 78
  S.D. 7.272 6.857 4.795 6.106 6.025 5.454 6.146 5.853 5.316 4.037
  C.V. 4.026 3.844 4.827 4.676 4.482 4.834 5.645 4.682 4.591 5.867
t-test   8.768 7.985 8.374 7.819 4.064 5.145 3.419 8.990 8.653 3.632
  Significance P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.01 P<0.001 P<0.001 P<0.001 
M/F 
Ratio 
  1.049 1.043 1.057 1.052 1.028 1.038 1.030 1.060 1.050 1.033
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (3) Continued: 
SEX   ASB BPL NPH NLH OBH OBB JUB NLB MAB MDH 
Male N 129 129 129 129 129 129 129 128 115 128
  Mean 106.09 96.81 64.91 50.80 33.16 38.91 112.21 26.19 62.34 29.73
  Minimum 91 85 56 42 27 34 101 22 56 24
  Maximum 121 110 77 60 39 43 121 30 71 40
  S.D. 4.840 4.684 4.131 3.458 2.200 1.714 4.029 1.586 3.198 3.114
  C.V. 4.562 4.838 6.363 6.808 6.634 4.405 3.590 6.057 5.130 10.475
Female N 58 58 58 58 58 58 58 58 53 58
  Mean 102.52 92.38 61.14 48.10 32.90 37.47 106.93 25.03 59.70 25.36
  Minimum 92 81 55 43 28 35 99 21 55 19
  Maximum 109 101 69 59 38 40 115 28 67 30
  S.D. 3.935 4.757 3.527 3.286 1.980 1.366 3.665 1.854 2.946 2.411
  C.V. 3.838 5.149 5.768 6.831 6.018 3.647 3.428 7.406 4.934 9.507
Total N 187 187 187 187 187 187 187 186 168 186
  Mean 104.98 95.43 63.74 49.96 33.08 38.47 110.57 25.83 61.51 28.37
  Minimum 91 81 55 42 27 34 99 21 55 19
  Maximum 121 110 77 60 39 43 121 30 71 40
  S.D. 4.860 5.123 4.315 3.619 2.132 1.745 4.613 1.753 3.346 3.544
  C.V. 4.629 5.368 6.770 7.244 6.446 4.537 4.172 6.787 5.441 12.493
t-test   4.938 5.950 6.041 5.005 0.789 5.676 8.517 4.352 5.097 10.404
  Significance P<0.001 P<0.001 P<0.001 P<0.001 N.S. P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 
M/F 
Ratio 
  1.035 1.048 1.062 1.056 1.008 1.039 1.049 1.046 1.044 1.172
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (3) Continued: 
SEX   MDB ZMB SSS FMB NAS EKB DKS DKB WNB IML 
Male N 129 129 129 129 129 129 129 129 128 128
  Mean 13.88 95.81 23.55 96.71 18.42 96.68 10.36 22.16 10.53 36.70
  Minimum 10 87 16 90 10 89 4 17 6 24
  Maximum 20 107 31 105 24 105 18 28 16 45
  S.D. 1.748 4.806 3.120 3.463 2.461 3.240 2.308 2.170 1.882 3.807
  C.V. 12.593 5.016 13.248 3.581 13 3 22 10 18 10
Female N 58 58 58 58 58 58 58 58 58 58
  Mean 11.88 91.74 21.93 93.07 17.10 93.66 10.26 21.72 10.17 34.00
  Minimum 9 81 16 86 12 87 5 17 6 20
  Maximum 16 101 33 104 25 102 18 28 15 44
  S.D. 1.499 4.203 3.002 3.548 2.511 2.923 2.260 2.315 1.666 5.278
  C.V. 12.622 4.582 13.689 3.813 15 3 22 11 16 16
Total N 187 187 187 187 187 187 187 187 186 186
  Mean 13.26 94.55 23.05 95.58 18.01 95.74 10.33 22.02 10.42 35.86
  Minimum 9 81 16 86 10 87 4 17 6 20
  Maximum 20 107 33 105 25 105 18 28 16 45
  S.D. 1.912 4.986 3.166 3.867 2.544 3.437 2.287 2.219 1.821 4.484
  C.V. 14.419 5.274 13.737 4.046 14.126 3.590 22.150 10.077 17.475 12.505
t-test   7.567 5.555 3.321 6.592 3.359 6.086 0.270 1.230 1.247 3.509
  Significance P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 N.S. N.S. N.S. P<0.001 
M/F 
Ratio 
  1.169 1.044 1.074 1.039 1.077 1.032 1.010 1.020 1.035 1.080
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
 
 89 
Table (3) Continued: 
SEX   XML MLS WMH SOS GLS FOL FRC FRS FRF PAC 
Male N 128 128 129 129 129 129 129 129 129 129
  Mean 53.27 11.24 21.84 6.06 2.79 35.17 111.98 27.07 49.75 116.68
  Minimum 41 7 18 3 0 30 101 21 41 105
  Maximum 60 16 26 10 7 42 127 34 59 132
  S.D. 3.647 1.649 2.076 1.248 1.095 2.681 4.627 2.428 3.779 5.349
  C.V. 7 15 10 21 39 8 4.132 8.968 7.596 4.584
Female N 58 58 58 58 58 58 58 58 58 58
  Mean 50.66 10.83 19.91 4.78 1.78 33.93 107.24 27.00 45.86 112.05
  Minimum 39 6 15 3 0 27 99 22 40 95
  Maximum 59 15 24 8 4 40 117 32 56 129
  S.D. 4.498 2.019 2.138 1.109 0.859 2.470 3.748 2.200 3.332 7.423
  C.V. 9 19 11 23 48 7 3.495 8.150 7.266 6.625
Total N 186 186 187 187 187 187 187 187 187 187
  Mean 52.46 11.11 21.24 5.66 2.48 34.79 110.51 27.05 48.55 115.25
  Minimum 39 6 15 3 0 27 99 21 40 95
  Maximum 60 16 26 10 7 42 127 34 59 132
  S.D. 4.104 1.778 2.272 1.344 1.128 2.673 4.886 2.354 4.060 6.418
  C.V. 7.824 15.997 10.697 23.725 45.556 7.686 4.421 8.703 8.364 5.569
t-test   3.891 1.371 5.807 6.739 6.246 2.995 6.858 0.187 6.746 4.278
  Significance P<0.001 N.S. P<0.001 P<0.001 P<0.001 P<0.01 P<0.001 N.S. P<0.001 P<0.001
M/F 
Ratio 
  1.052 1.038 1.097 1.269 1.571 1.037 1.044 1.003 1.085 1.041
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (3) Continued: 
SEX   PAS PAF OCC OCS OCF VRR NAR SSR PRR DKR 
Male N 129 129 129 129 129 129 129 129 129 129
  Mean 25.77 60.58 96.37 27.15 42.87 121.32 95.01 95.71 101.15 82.53
  Minimum 20 50 84 20 31 101 85 85 90 76
  Maximum 34 72 112 38 61 136 102 104 112 89
  S.D. 2.838 4.860 4.841 3.219 4.965 5.003 3.438 3.596 4.254 3.082
  C.V. 11.014 8.022 5.024 11.857 11.581 4.124 3.619 3.757 4.206 3.735
Female N 58 58 58 58 58 58 58 58 58 58
  Mean 24.78 58.38 93.66 26.93 42.72 117.34 90.66 90.14 95.67 79.24
  Minimum 19 46 86 21 33 109 83 83 87 73
  Maximum 31 71 105 33 52 128 99 98 105 87
  S.D. 2.914 5.331 4.111 2.484 4.086 4.042 3.041 3.214 4.084 2.704
  C.V. 11.762 9.131 4.389 9.224 9.563 3.444 3.354 3.566 4.269 3.412
Total N 187 187 187 187 187 187 187 187 187 187
  Mean 25.46 59.90 95.53 27.08 42.82 120.09 93.66 93.98 99.45 81.51
  Minimum 19 46 84 20 31 101 83 83 87 73
  Maximum 34 72 112 38 61 136 102 104 112 89
  S.D. 2.891 5.100 4.785 3.005 4.699 5.062 3.879 4.328 4.900 3.333
  C.V. 11.355 8.514 5.009 11.097 10.973 4.216 4.141 4.605 4.927 4.089
t-test   2.192 2.780 3.713 0.500 0.193 5.316 8.291 10.112 8.241 7.013
  Significance P<0.05 P<0.01 P<0.001 N.S. N.S. P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 
M/F 
Ratio 
  1.040 1.038 1.029 1.008 1.003 1.034 1.048 1.062 1.057 1.042
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (3) Continued: 
SEX   ZOR FMR EKR ZMR AVR BRR LAR OSR BAR 
Male N 129 129 129 129 115 129 128 129 129
  Mean 82.10 77.77 71.97 74.48 81.02 118.04 106.35 40.74 17.24
  Minimum 72 69 65 65 65 109 95 34 10
  Maximum 89 86 80 85 96 130 120 49 25
  S.D. 3.150 3.001 2.837 3.315 5.078 4.331 4.789 3.148 3.261
  C.V. 3.836 3.859 3.941 4.450 6.268 3.669 4.503 7.727 18.918
Female N 58 58 58 58 55 58 58 58 58
  Mean 78.28 74.95 69.19 70.16 76.36 113.83 103.72 39.17 15.07
  Minimum 71 67 62 60 65 107 95 32 10
  Maximum 84 81 75 77 87 123 117 44 23
  S.D. 3.060 2.717 2.672 3.879 4.457 3.510 4.760 2.909 2.790
  C.V. 3.909 3.625 3.862 5.529 5.837 3.084 4.589 7.426 18.516
Total N 187 187 187 187 170 187 186 187 187
  Mean 80.91 76.89 71.11 73.14 79.51 116.73 105.53 40.26 16.57
  Minimum 71 67 62 60 65 107 95 32 10
  Maximum 89 86 80 85 96 130 120 49 25
  S.D. 3.584 3.189 3.064 4.024 5.340 4.527 4.921 3.153 3.274
  C.V. 4.429 4.148 4.309 5.502 6.716 3.878 4.663 7.833 19.763
t-test   7.749 6.114 6.308 7.369 5.808 6.504 3.472 3.232 4.397
  Significance P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 
M/F 
Ratio 
  1.049 1.038 1.040 1.062 1.061 1.037 1.025 1.040 1.144
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (4): Summary of descriptive data of Kerma (in mm) with independent sample t-test for males and females, 
and male to female ratio  
SEX   GOL NOL BNL BBH XCB XFB STB ZYB AUB WCB 
Male N 78 77 71 71 81 75 79 61 77 63
  Mean 186.08 183.64 101.70 134.65 134.30 113.80 109.58 128.80 118.23 71.02
  Minimum 172 170 93 124 124 104 98 119 109 64
  Maximum 198 197 112 147 146 122 120 142 134 78
  S.D. 5.955 5.839 3.849 4.542 4.501 4.124 4.755 4.568 4.765 3.452
  C.V. 3.200 3.179 3.784 3.373 3.351 3.624 4.339 3.547 4.031 4.860
Female N 94 94 85 85 94 90 94 81 91 86
  Mean 177.94 176.00 96.94 129.15 130.44 109.08 106.78 119.74 110.75 68.21
  Minimum 166 165 89 119 121 100 98 109 100 61
  Maximum 191 190 106 140 143 118 117 131 123 80
  S.D. 5.915 5.785 4.014 4.733 4.512 4.602 4.892 4.443 4.310 3.381
  C.V. 3.324 3.287 4.141 3.665 3.459 4.219 4.581 3.711 3.892 4.957
Total N 172 171 156 156 175 165 173 142 168 149
  Mean 181.63 179.44 99.11 131.65 132.22 111.23 108.06 123.63 114.18 69.40
  Minimum 166 165 89 119 121 100 98 109 100 61
  Maximum 198 197 112 147 146 122 120 142 134 80
  S.D. 7.178 6.934 4.593 5.387 4.891 4.972 5.015 6.350 5.858 3.675
  C.V. 3.952 3.864 4.635 4.092 3.699 4.470 4.641 5.137 5.131 5.295
t-test   8.958 8.557 7.529 7.372 5.651 6.875 3.800 11.881 10.677 4.975
  Significance P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 
M/F 
Ratio
  1.046 1.043 1.049 1.043 1.030 1.043 1.026 1.076 1.068 1.041
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (4) Continued: 
SEX   ASB BPL NPH NLH OBH OBB JUB NLB MAB MDH 
Male N 78 57 61 65 66 65 56 62 54 68
  Mean 105.88 96.84 65.19 50.41 32.59 38.94 113.76 26.40 62.69 30.31
  Minimum 96 88 56 44 29 32 105 22 55 24
  Maximum 114 104 76 56 42 44 122 31 69 38
  S.D 4.446 3.751 4.085 2.903 2.347 1.984 3.892 1.912 3.556 3.518
  C.V. 4.199 3.874 6.267 5.759 7.200 5.093 3.421 7.242 5.672 11.606
Female N 89 74 81 86 89 87 81 82 71 86
  Mean 100.90 95.01 63.00 47.58 32.60 37.39 107.98 25.33 60.38 26.56
  Minimum 93 86 55 42 26 31 101 21 54 18
  Maximum 110 108 72 55 41 41 116 32 67 36
  S.D. 4.175 4.702 3.611 2.815 2.479 1.719 3.474 1.907 2.875 3.189
  C.V. 4.138 4.949 5.732 5.916 7.606 4.597 3.217 7.528 4.762 12.007
Total N 167 131 142 151 155 152 137 144 125 154
  Mean 103.23 95.81 63.94 48.80 32.59 38.05 110.34 25.79 61.38 28.22
  Minimum 93 86 55 42 26 31 101 21 54 18
  Maximum 114 108 76 56 42 44 122 32 69 38
  S.D. 4.961 4.394 3.961 3.173 2.416 1.987 4.622 1.975 3.376 3.815
  C.V. 4.806 4.586 6.194 6.502 7.412 5.221 4.189 7.659 5.500 13.521
t-test   7.455 2.404 3.382 6.042 -0.010 5.169 9.118 3.330 4.022 6.920
  Significance P<0.001 P<0.05 P<0.01 P<0.001 N.S P<0.001 P<0.001 P<0.01 P<0.001 P<0.001 
M/F 
Ratio 
  1.049 1.019 1.035 1.060 1.000 1.042 1.054 1.042 1.038 1.141
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (4) Continued: 
SEX   MDB ZMB SSS FMB NAS EKB DKB WNB IML XML 
Male N 69 56 55 57 55 57 63 63 62 60
  Mean 15.51 96.52 21.71 97.55 18.13 97.53 23.13 10.37 37.52 53.83
  Minimum 11 87 13 90 11 90 19 7 30 47
  Maximum 22 106 30 104 22 105 26 14 45 61
  S.D. 2.286 4.970 3.320 3.482 2.169 3.235 1.863 1.798 3.646 3.522
  C.V. 14.737 5.150 15.295 3.570 11.967 3.317 8.056 17.336 9.717 6.542
Female N 86 84 83 86 86 85 84 84 77 78
  Mean 12.28 91.79 21.34 93.42 17.13 94.04 22.57 10.19 34.83 49.51
  Minimum 8 81 11 85 13 87 18 6 29 42
  Maximum 19 101 28 100 21 101 26 16 42 57
  S.D. 2.017 4.512 2.996 3.508 2.037 3.145 1.829 2.184 2.872 3.042
  C.V. 16.418 4.915 14.036 3.755 11.891 3.345 8.107 21.420 8.245 6.145
Total N 155 140 138 143 141 142 147 147 139 138
  Mean 13.72 93.68 21.49 95.07 17.52 95.44 22.81 10.27 36.03 51.39
  Minimum 8 81 11 85 11 87 18 6 29 42
  Maximum 22 106 30 104 22 105 26 16 45 61
  S.D. 2.673 5.228 3.122 4.032 2.138 3.606 1.859 2.023 3.496 3.894
  C.V. 19.481 5.581 14.531 4.242 12.207 3.778 8.150 19.695 9.702 7.579
t-test   9.334 5.831 0.672 6.907 2.771 6.413 1.835 0.530 4.867 7.722
  Significance P<0.001 P<0.001 N.S P<0.001 P<0.01 P<0.001 N.S. N.S. P<0.001 P<0.001 
M/F 
Ratio 
  1.263 1.052 1.017 1.044 1.058 1.037 1.025 1.018 1.077 1.087
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (4) Continued: 
SEX   MLS WMH SOS GLS FOL WFM FRC FRS FRF PAC 
Male N 59 65 77 76 69 66 80 80 80 82
  Mean 11.46 22.36 6.56 2.94 36.58 30.62 113.69 26.96 51.34 116.53
  Minimum 7 18 4 1 30 27 98 21 44 104
  Maximum 15 26 9 6 42 38 125 34 59 137
  S.D. 1.541 2.069 1.162 1.071 2.572 2.471 4.515 2.687 3.257 5.665
  C.V. 13.445 9.252 17.705 36.409 7.030 8.069 3.972 9.967 6.344 4.861
Female N 78 85 94 94 80 78 95 95 95 95
  Mean 10.24 20.32 5.49 1.94 35.17 28.61 108.47 26.72 47.50 112.55
  Minimum 7 13 4 1 30 25 97 19 41 100
  Maximum 14 25 9 5 44 36 125 33 60 129
  S.D. 1.418 2.134 0.995 0.750 2.119 2.059 5.236 2.778 3.577 5.849
  C.V. 13.853 10.506 18.118 38.629 6.024 7.198 4.827 10.396 7.531 5.197
Total N 137 150 171 170 149 144 175 175 175 177
  Mean 10.76 21.20 5.97 2.39 35.83 29.53 110.86 26.83 49.25 114.39
  Minimum 7 13 4 1 30 25 97 19 41 100
  Maximum 15 26 9 6 44 38 125 34 60 137
  S.D. 1.587 2.333 1.197 1.033 2.436 2.463 5.554 2.731 3.925 6.082
  C.V. 14.746 11.003 20.040 43.244 6.800 8.341 5.010 10.181 7.969 5.317
t-test   4.805 5.897 6.520 6.885 3.674 5.322 6.982 0.566 7.363 4.576
  Significance P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 N.S. P<0.001 P<0.001 
M/F 
Ratio 
  1.119 1.101 1.196 1.515 1.040 1.070 1.048 1.009 1.081 1.035
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (4) Continued: 
SEX   PAS PAF OCC OCS OCF VRR NAR SSR PRR DKR 
Male N 82 82 77 77 77 78 77 64 62 65
  Mean 25.15 59.76 97.90 27.34 42.82 121.46 95.46 95.92 102.91 83.26
  Minimum 17 45 89 22 33 109 89 88 94 76
  Maximum 31 70 111 36 55 132 108 105 113 90
  S.D. 2.851 4.855 4.753 2.829 3.931 4.608 3.820 3.607 4.392 3.314
  C.V. 11.336 8.125 4.855 10.348 9.179 3.794 4.002 3.760 4.267 3.980
Female N 95 95 87 87 87 90 90 81 78 81
  Mean 24.51 58.33 94.44 26.73 41.80 118.03 91.72 92.38 100.09 80.85
  Minimum 18 40 86 20 34 105 85 84 90 73
  Maximum 32 68 107 32 50 130 101 101 109 90
  S.D. 2.575 4.548 4.691 2.495 3.323 4.310 3.561 3.823 4.365 3.315
  C.V. 10.507 7.798 4.967 9.335 7.950 3.652 3.882 4.138 4.361 4.100
Total N 177 177 164 164 164 168 167 145 140 146
  Mean 24.81 58.99 96.06 27.02 42.28 119.62 93.45 93.94 101.34 81.92
  Minimum 17 40 86 20 33 105 85 84 90 73
  Maximum 32 70 111 36 55 132 108 105 113 90
  S.D. 2.718 4.734 5.015 2.666 3.646 4.758 4.119 4.114 4.582 3.514
  C.V. 10.956 8.025 5.220 9.869 8.624 3.977 4.407 4.380 4.521 4.290
t-test   1.573 2.021 4.689 1.462 1.811 4.983 6.530 5.683 3.787 4.362
  Significance N.S. <0.05 P<0.001 N.S. N.S. P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 
M/F 
Ratio 
  1.026 1.025 1.037 1.023 1.025 1.029 1.041 1.038 1.028 1.030
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (4) Continued: 
SEX   ZOR FMR EKR ZMR AVR BRR LAR OSR BAR ft-ft 
Male N 65 68 66 68 58 79 79 73 72 80
  Mean 82.64 78.21 73.38 74.68 83.58 117.62 107.72 42.88 19.63 93.38
  Minimum 72 68 67 55 72 106 98 37 13 85
  Maximum 90 86 80 84 93 127 124 52 27 104
  S.D. 3.365 3.607 2.957 4.103 4.337 3.963 5.007 3.166 2.738 4.158
  C.V. 4.072 4.612 4.029 5.494 5.189 3.369 4.648 7.382 13.947 4.453
Female N 84 84 84 84 68 90 90 81 84 91
  Mean 80.42 75.81 70.38 72.49 81.51 114.38 104.18 41.05 17.44 89.57
  Minimum 73 67 61 64 73 107 89 30 11 80
  Maximum 88 82 76 81 90 129 115 51 24 99
  S.D. 3.240 3.138 2.665 3.322 3.585 4.284 4.626 3.046 2.862 4.147
  C.V. 4.029 4.139 3.786 4.583 4.398 3.746 4.441 7.420 16.410 4.630
Total N 149 152 150 152 126 169 169 154 156 171
  Mean 81.39 76.88 71.70 73.47 82.47 115.89 105.84 41.92 18.45 91.35
  Minimum 72 67 61 55 72 106 89 30 11 80
  Maximum 90 86 80 84 93 129 124 52 27 104
  S.D. 3.465 3.553 3.162 3.838 4.066 4.432 5.110 3.227 3.003 4.556
  C.V. 4.258 4.621 4.410 5.224 4.931 3.824 4.828 7.698 16.276 4.988
t-test   4.089 4.393 6.520 3.640 2.930 5.076 4.775 3.667 4.859 5.977
  Significance P<0.001 P<0.001 P<0.001 P<0.001 P<0.05 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 
M/F 
Ratio 
  1.028 1.032 1.043 1.030 1.025 1.028 1.034 1.045 1.126 1.042
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (4) Continued: 
SEX   fmt fmt BIMAS PP Mbsl Q Q1 FARCH PARCH OARCH TOTARCH
Male N 71 72 78 78 74 74 82 83 81 80
  Mean 104.11 98.99 111.71 122.06 300.89 304.16 129.13 129.42 117.18 375.85
  Minimum 95 86 94 109 273 280 115 112 103 341
  Maximum 114 117 125 135 319 322 145 155 140 407
  S.D. 3.837 5.116 4.852 5.915 8.423 8.240 6.284 7.387 6.571 12.438
  C.V. 3.685 5.168 4.344 4.846 2.799 2.709 4.867 5.708 5.608 3.309
Female N 91 84 90 90 79 79 88 88 83 83
  Mean 99.86 92.83 105.92 113.38 289.90 293.20 123.20 125.72 112.67 362.04
  Minimum 91 81 98 101 271 273 110 109 101 333
  Maximum 109 107 117 127 313 314 137 147 129 387
  S.D. 3.784 4.603 4.326 4.977 9.038 9.077 6.678 6.877 6.369 12.567
  C.V. 3.789 4.958 4.084 4.390 3.118 3.096 5.420 5.470 5.653 3.471
Total N 162 156 168 168 153 153 170 171 164 163
  Mean 101.73 95.68 108.60 117.41 295.22 298.50 126.06 127.51 114.90 368.82
  Minimum 91 81 94 101 271 273 110 109 101 333
  Maximum 114 117 125 135 319 322 145 155 140 407
  S.D. 4.345 5.729 5.405 6.942 10.313 10.252 7.123 7.345 6.834 14.260
  C.V. 4.271 5.988 4.977 5.913 3.494 3.435 5.650 5.760 5.948 3.867
t-test   7.050 7.914 8.174 10.332 7.770 7.807 5.957 3.387 4.458 7.051
  Significance P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.01 P<0.001 P<0.001 
M/F 
Ratio 
  1.043 1.066 1.055 1.077 1.038 1.037 1.048 1.029 1.040 1.038
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio. 
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Table (5): Summary of descriptive data of recent Northern Sudanese (in mm) with independent sample t-test for 
males and females, and male to female ratio  
SEX   GOL BNL BBH BPL FRC PAC OCC 
Male N 69 69 69 69 69 69 69
  Mean 191.7 100.62 135.04 98.39 112.99 125.9 97.06
  Minimum 174 93 126 85 95 108 84
  Maximum 205 111 145 109 125 138 109
  S.D. 6.687 4.088 4.936 4.888 5.2 5.824 5.682
  C.V. 3.488 4.062 3.655 4.967 4.603 4.626 5.855
Female N 41 41 41 41 41 41 41
  Mean 181.07 94.51 129.02 93.12 108.49 123.85 93.76
  Minimum 169 85 120 82 92 106 84
  Maximum 192 103 139 104 123 143 103
  S.D. 6.475 3.828 4.798 4.976 5.418 8.404 5.674
  C.V. 3.576 4.051 3.719 5.343 4.994 6.785 5.876
Total N 110 110 110 110 110 110 110
  Mean 187.74 98.35 132.8 96.43 111.31 125.14 95.83
  Minimum 169 85 120 82 92 106 84
  Maximum 205 111 149 109 125 143 110
  S.D. 8.361 4.961 5.674 5.526 5.694 6.933 5.876
  C.V. 4.453 5.045 4.273 5.731 5.115 5.540 6.132
t-test 8.151 7.760 6.248 5.431 4.318 1.504 2.948
  Significance P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 N.S. P<0.01 
M/F Ratio   1.059 1.064 1.047 1.056 1.041 1.017 1.035
N = Number of sample, S.D. = Standard Deviation, C.V. = Coefficient of variation, t-test= independent t-test, M/F Ratio = Male/Female 
ratio.
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Table (6): Stepwise discriminant function analysis for cranium and cranium 
segments of Nubia males and females  
Step Variables  Wilks' Lambda Equivalent Degree of 
entered F-ratio  freedom 
        
     
Function 1-Cranium     
1 SSR 0.639051 86.41768 1,153 
2 FRF 0.553094 61.40886 2,152 
3 SOS 0.50578 49.18287 3,151 
4 MDB 0.477613 41.01549 4,150 
5 GOL 0.459184 35.09769 5,149 
6 WMH 0.445978 30.64246 6,148 
7 XML 0.433462 27.44721 7,147 
Function 2-Base 
1 MDH 0.672722 89.51583 1,184 
2 AUB 0.613702 57.59507 2,183 
3 BAR 0.596646 41.01279 3,182 
Function 3-Face 
1 SSR 0.639051 86.41768 1,153 
2 ZYB 0.571615 56.9566 1,152 
3 SOS 0.545318 41.9676 3,151 
4 WMH 0.523615 34.11751 4,150 
5 XML 0.502056 29.55588 5,149 
Function 4-Vault 
1 GOL 0.707773 75.97031 1,184 
2 OCS 0.633554 52.92343 2,183 
3 FRF 0.597253 40.90945 3,182 
4 NOL 0.571765 33.89094 4,181 
5 BNL 0.548984 29.57566 5,180 
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Table (7):  Canonical discriminant function coefficients and sectioning points for crania and cranial segments of 
Nubia males and females 
  Functions Variables Unstandardized  Standardized  Wilks'  Structure Centroids Sectioning 
      coefficients coefficients Lambda point   point 
1    Cranium 
SSR 0.135565 0.475 0.433 0.6574 M=0.772261 -0.44917 
GOL 0.048978 0.299 0.5519 F=-1.670606 
MDB 0.211354 0.343 0.4926 
XML -0.06414 -0.253 0.2438 
WMH 0.132487 0.279 0.371 
SOS 0.280291 0.343 0.4111 
FRF 0.102514 0.379 0.4511 
(Constant) -30.3529 
2 Base 
MDH 0.238693 0.696 0.549 0.8483 M=0.550486 -0.33219 
AUB 0.095136 0.443 0.6878 F=-1.21486 
BAR 0.085058 0.266 0.3964 
    (Constant) -19.1974           
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Table (7) Continued:  
  Functions Variables Unstandardized  Standardized  Wilks'  Structure Centroids Sectioning 
      coefficients coefficients Lambda point   point 
3 Face 
SSR 0.177589 0.622 0.502 0.7546 M=0.672727 -0.39128 
ZYB 0.097633 0.493 0.6706 F=-1.45529 
WMH 0.159084 0.336 0.4277 
SOS 0.268381 0.331 0.4578 
XML -0.08842 -0.35 0.2707 
(Constant) -29.1222 
4 Vault 
GOL 0.393592 2.418 0.549 0.7089 M=0.606844 -0.02662 
NOL -0.29535 -1.755 0.6456 F=-1.33924 
BNL 0.087426 0.355 0.6777 
FRF 0.097422 0.356 0.5442 
OCS -0.11612 -0.349 0.0425 
    (Constant) -28.677           
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Table (8): Percentage of correct classification for the stepwise discriminant functions of the cranium of Nubia 
males and females  
 
Function   Total Males    Females      Average accuracy % 
    N % N % N Original Cross-validation 
Function 1 Cranium 186 86.7 111/128 93.1 54/58 88.7 87.6 
Function 2 Base 186 80.5 103/128 89.7 52/58 83.3 81.2 
Function 3 Face 187 80.6 104/129 86.2 50/58 83.2 81 
Function 4 Vault 179 81 102/126 88.7 47/53 82.4 80.2 
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Table (9):  Canonical discriminant function coefficient and sectioning points of best univariates of Nubia crania of 
males and females 
Functions Variables Unstandardized Standardized Wilks' Structure Centroids Sectioning 
    coefficients coefficients Lambda point point 
5 SSR 0.287146286 1 0.644018 1 M=0.495849 -0.3035 
(Constant) -26.98560874 F=-1.10284 
6 ZYB 0.205447248 1 0.687731 1 M=0.43287 -0.3922 
(Constant) -25.68318878 F=-1.03727 
7 MDH 0.34312595 1 0.672722 1 M=0.46698 -0.2818 
  (Constant) -9.7329705 F=-1.03059 
 
 
 
 
 
 
 105 
Table (10): Percentage of correct classification for the direct discriminant functions of the cranium of Nubia males 
and females  
 
Function Variable Total    Males    Females      Average accuracy % 
    N % N % N Original Cross-validation
Function 5 SSR 187 81.4 105/129 79.3 46/58 80.7 80.7 
Function 6 ZYB 180 76 97/127 79.2 42/53 77.2 77.2 
Function 7 MDH 186 73.4 94/128 81 47/58 75.8 75.8 
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Table (11): Stepwise discriminant function analysis for cranium and cranium 
segments of Kerma males and females  
Step Variables  Wilks' Lambda Equivalent Degree of 
entered F-ratio  freedom 
          
Function 1 -Cranium 
1 ZYB 0.385083 95.8106 1,60 
2 XFB 0.342356 56.66754 2,59 
3 GLS 0.296884 45.78748 3,58 
4 IML 0.269939 38.5398 4,57 
Function 2-Base 
1 AUB 0.520837 95.67871 1,104 
2 MDB 0.453891 61.96339 2,103 
3 PP 0.433205 44.4848 3,102 
4 BIMAS 0.412727 35.92846 4,101 
5 MDH 0.391648 31.06631 5,100 
Function 3-Face 
1 ZYB 0.387063 120.3506 1,76 
2 GLS 0.338099 73.41429 2,75 
3 XFB 0.293047 59.50635 3,74 
4 IML 0.271094 49.06993 4,73 
Function 4-Vault 
1 GOL 0.663295 65.9913 1,130 
2 FRF 0.606479 41.85151 2,129 
3 XCB 0.57036 32.13992 3,128 
4 BNL 0.532562 27.86743 4,127 
 
 
 
 
 107 
Table (12):  Canonical discriminant function coefficients and sectioning points for crania and cranial segments of 
Kerma males and females 
  Functions Variables Unstandardized Standardized Wilks' Structure Centroids Sectioning 
      coefficients coefficients Lambda point point 
1 Cranium ZYB 0.140482173 0.61042283 0.26993853 0.768394 M=1.725778 0.104594 
XFB 0.138433123 0.53086718 0.514947 F=-1.51659 
GLS 0.461832906 0.49449771 0.351612 
IML 0.107210249 0.36665171 0.228323 
(Constant) -37.85346071 
2 Base AUB 0.229944977 0.96411432 0.39164767 0.769593 M=1.465423 0.2127215 
BIMAS 0.092372875 0.40879505 0.563004 F=-1.03998 
MDB 0.17252081 0.38630375 0.554098 
MDH 0.096162317 0.31094788 0.471761 
PP -0.142952747 -0.65031909 0.51186 
    (Constant) -24.58109374 
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Table (12) Continued: 
  Functions Variables Unstandardized  Standardized Wilks'  Structure Centroids Sectioning 
      coefficients coefficients Lambda point   point 
3 Face ZYB 0.147052909 0.62342433 0.27109358 0.767434 M=1.841292 0.209236
XFB 0.122080079 0.50427726 0.497454 F=-1.42282 
GLS 0.521259126 0.5115416 0.376497
IML 0.095645492 0.33287457 0.234666
(Constant) -36.53706452
4 Vault GOL 0.04954526 0.29816672 0.53256233 0.760493 M=0.987903 0.0564515
BNL 0.11016622 0.44055126 0.67231293 F=-.875 
FRF 0.123987608 0.4117333 0.66767565
XCB 0.090422996 0.39929591 0.50627561
    (Constant) -38.02142293           
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Table (13): Percentage of correct classification for the stepwise discriminant functions of the cranium of Kerma 
 
Function   Total Males Females Average accuracy % 
    N % N % N Original Cross-validation 
Function 1 Cranium 122 94.3 50/53 87 60/69 90.2 87.7 
Function 2 Base 135 85 51/60 86.7 65/75 85.9 84.4 
Function 3 Face 122 92.5 49/53 88.4 61/69 90.2 88.5 
Function 4 Vault 154 85.5 59/69 85.5 68/85 82.5 81.2 
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Table (14):  Canonical discriminant function coefficient and sectioning points of best univariates of Kerma crania 
Functions Variables Unstandardized Standardized Wilks' Structure Centroids Sectioning 
    coefficients coefficients Lambda point point 
5 ZYB 0.222364 1 0.497929 1 M=1.14894 0.1419 
(Constant) -27.4905 F=-0.86524 
6 AUB 0.895529 1 0.592849 1 M=0.89553 0.0689 
(Constant) -0.75776 F=-0.75776 
7 GOL 0.168538 1 0.679333 1 M=0.74983 0.0638 
  (Constant) -30.6112 F=-0.62220 
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Table (15): Percentage of correct classification for the direct discriminant functions of the cranium of Kerma 
 
Function   Total Males    Females      Average accuracy % 
    N % N % N Original  Cross-validation 
Function 5 ZYB 142 80.3 49/61 85.2 69/81 83.1 83.1 
Function 6 AUB 168 72.7 56/77 83.5 76/91 78.6 78.6 
Function 7 GOL 172 76.9 60/78 77.2 73/94 77.3 74.4 
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Table (16): Stepwise discriminant function analysis for sex determination 
from cranium and cranium segments of recent Northern Sudanese males and 
females  
Step Variables  Wilks' Lambda Equivalent Degree of
entered F-ratio freedom 
Function 1 -Cranium 
1 GOL 0.61913 66.43770 1,108 
2 BNL 0.5631 41.5098 2,107 
3 BBH 0.5400 30.0987 3,106 
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Table (17):  Canonical discriminant function coefficients and sectioning points for crania of recent Northern 
Sudanese males and females 
Functions Variables Unstandardized Standardized Wilks' Structure Centroids Sectioning 
    coefficients coefficients Lambda point point 
1
GOL 0.08307 0.549 0.54 0.84979 M=0.70496 -0.24074 
BNL 0.09888 0.39488 0.80905    F=-1.1864 
BBH 0.06724 0.3285 0.65139 
 (Constant) -34.2485 
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Table (18):  Canonical discriminant function coefficients and sectioning points of direct discriminant function and   
best univariates of recent Northern Sudanese crania for males and females 
Functions Variables Unstandardized Standardized Wilks' Structure Centroids Sectioning 
    coefficients coefficients Lambda point point 
2  All Variables GOL 0.07863 0.51965 0.53905 0.84817 M=0.70631 -0.241175 
BNL 0.10608 0.42464 0.80751 F=-1.18866 
BBH 0.06175 0.30166 0.65015 
BPL -0.00372 -0.018298 0.56513 
FRC 0.00509 0.026883 0.44935 
OCC 0.01107 0.062859 0.30681 
(Constant) -34.6621 
3 GOL 0.15131 1 0.61913 1 M=0.59907 -0.20456 
-28.406 F=-1.00819 
4 BNL 0.2504 1 0.64202 1 M=0.57035 -0.19478 
-24.626 F=-0.9599 
5 
BBH 0.20468 1 0.73451 1 M=0.4592 -0.1568 
-27.182 F=-0.7728 
6                              BPL 0.2032 1 0.78549 M=0.39915 -0.1359 
  -19.597 F=-0.67174 
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Table (19): Percentage of correct classification for the discriminant functions of the cranium of recent Northern 
Sudanese 
 
Function   Total Males Males Females Females Average accuracy % 
      N % N % N Original Cross-validation 
Function 1 Stepwise  
  
110 81.2 56/69 82.9 34/41 81.8 79.1 
Function 2 All variables 110 82.6 57/69 85.4 35/41 83.6 77.3 
GOL Function 3 110 76.8 53/69 78 32/41 77.3 77.3 
Function 4 BNL 110 75.4 52/69 82.9 34/41 78.2 78.2 
Function 5 BBH 110 66.7 46/69 75.6 31/41 70 67.3 
Function 6   PBL 110 69.6 48/69 70.7 29/41 70 70 
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Table (20): Sexual dimorphism between Nubia, Kerma and recent 
Northern Sudanese 
Variable SEX N Mean(mm) Std. Deviation T-test Significance
GOL Male 276 186.17 7.062 13.283 *** 
  Female 193 177.65 6.494     
BNL Male 269 101.1 4.111 13.198 *** 
  Female 184 95.98 3.982     
BBH Male 269 134 6.439 10.418 *** 
  Female 184 128.14 4.930     
BPL Male 254 97.19 4.526 7.465 *** 
  Female 170 93.79 4.716     
FRC Male 277 112.67 4.714 10.181 *** 
  Female 194 108.11 4.846     
PAC Male 278 118.82 6.777 5.762 *** 
  Female 192 114.82 8.208     
OCC Male 275 96.97 5.064 6.246 *** 
  Female 186 94.04 4.747     
N= Number; Level of significance of unpaired t-test (P <0.05*; P < 0.01**; P <0.001***) 
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Table (21): ANOVAs between Nubia, Kerma and recent Northern 
Sudanese 
Varibale F-statistics df p-Value Significance 
GOL 33.563 2,466 0.0000 *** 
BNL 1.553 2,450 0.213 NS 
BBH 6.363 2,450 0.002 ** 
BPL 1.289 2,421 0.277 NS 
FRC 0.989 2,468 0.373 NS 
PAC 116.601 2,467 0.0000 *** 
OCC 0.477 2,458 0.621 NS 
*** P‐value < 0.001, ** p‐value < 0.01,* p‐value < 0.05, NS =not significant  
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Table (22): Post-hec test between Nubia, Kerma and recent Northern   
Sudanese 
Variable (I) Group (J) Group Mean Difference Std. Error P-value Significance
       (I-J)       
GOL Nubian Kerman -0.992 0.793 0.212 NS 
  Recent  -7.100 0.902 0.000 *** 
  Kerman Nubian 0.992 0.793 0.212 NS 
  Recent  -6.108 0.917 0.000 *** 
  Recent  Nubian 7.100 0.902 0.000 *** 
    Kerman 6.108 0.917 0.000 *** 
BBH Nubian Kerman -1.076 0.700 0.125 NS 
  Recent  -2.768 0.776 0.000 *** 
  Kerman Nubian 1.076 0.700 0.125 NS 
  Recent  -1.692 0.804 0.036 * 
  Recent  Nubian 2.768 0.776 0.000 *** 
    Kerman 1.692 0.804 0.036 * 
PAC Nubian Kerman 0.712 0.660 0.281 NS 
  Recent  -10.033 0.755 0.000 *** 
  Kerman Nubian -0.712 0.660 0.281 NS 
  Recent  -10.744 0.760 0.000 *** 
  Recent  Nubian 10.033 0.755 0.000 *** 
    Kerman 10.744 0.760 0.000 *** 
*** P‐value < 0.001, ** p‐value < 0.01,* p‐value < 0.05, NS =not significant   
Recent = Recent Northern Sudanese 
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Table (23): Stepwise discriminant function analysis for ethnic affinity of 
crania of Nubia, Kerma and recent Northern Sudanese males 
Step Variables  Wilks'  Equivalent 
Degree 
of 
entered Lambda F-ratio freedom 
Function 1 -
Cranium 
1 
              
GOL 
       
0.748765 
       
41.27045         1,246 
2 
              
FRC 
       
0.689663 
       
25.00868         2,245 
3 
              
PAC 
       
0.564645 
       
26.90495         3,244 
4 
              
BNL 
       
0.539305 
       
21.97355        4,243 
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Table (24): Canonical discriminant function coefficient and sectioning point for ethnic affinity between Nubians, Kermans 
and recent Sudanese males 
Functions Variables Unstandardized Standardized  Wilks'  Structure Centroids Sectioning 
    coefficients coefficients Lambda point   point 
1 GOL 0.105 0.654 0.539305 0.6398 Nubians = -0.578 - 0.516 
BNL -0.090 -0.367 -0.0664 Kermans = -0.455 0.493 
FRC -0.077 -0.357 0.0533 Recent= 1.409 
PAC 0.121 0.660 0.8728 
Constant -16.037 
2 GOL 0.094 0.587 0.956127 0.6461 Nubians = -0.159 0.116 
BNL -0.035 -0.141 0.2513 Kermans = 0.384 0.183 
FRC 0.158 0.729 0.8844 Recent = - 0.019 
PAC -0.089 -0.486 -0.0224 
  Constant -21.226           
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Table (25): Classification results of ethnic affiliation of Nubians, Kermans and recent Sudanese males 
                    Predicted Group Membership   
      GROUP Nubians Kermans Recent Total 
Cases Selected Original Count Nubians 65 44 17 126 
    Kermans 26 38 6 70 
    Recent 6 5 58 69 
  % Nubians 51.6 34.9 13.5 100 
    Kermans 37.1 54.3 8.6 100 
      Recent 8.7 7.2 84.1 100 
  Cross-validated Count Nubians 64 44 18 126 
    Kermans 29 34 7 70 
    Recent 7 5 57 69 
  % Nubians 50.8 34.9 14.3 100 
    Kermans 41.4 48.6 10 100 
      Recent 10.1 7.2 82.6 100 
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Table (26): Stepwise discriminant function analysis for ethnic affinity of 
crania of Nubia, Kerma and recent Northern Sudanese females 
Step Variables  Variables Wilks' Equivalent Degree of 
entered removed Lambda F-ratio  freedom 
Function - Cranium 
1 GOL 0.863 12.754 1,161 
2 BBH 0.806 9.106 2,160 
3 PAC 0.543 18.945 3,159 
4 GOL 0.552 27.721 2,160 
5 BNL   0.525 20.117 3,159 
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Table (27): Canonical discriminant function coefficient and sectioning point for ethnic affinity between Nubians, Kermans 
and recent Sudanese females 
Functions Variables Unstandardized Standardized  Wilks'  Structure Centroids Sectioning 
    coefficients coefficients Lambda point   point 
1 BNL -0.096 -0.366 0.525 -0.246 Nubians = -0.312 -0.459 
BBH -0.047 -0.223 0.083 Kermans= -0.606 0.4155 
PAC 0.152 1.055 0.88 Recent= 1.437 
Constant -2.247 
2 BNL -0.048 -0.182 0.902 0.288 Nubians= -0.456 -0.08 
BBH 0.236 1.128 0.976 Kermans=0.296 0.1055 
PAC -0.023 -0.158 0.306 Recent= -0.085 
  (Constant) -23.072           
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Table (28): Classification results of ethnic affiliation of Nubians, Kermans and recent Sudanese females 
    GROUP       Predicted Group Membership Total 
        Nubian Kermanian recent   
Cases Selected Original Count Nubians 30 17 9 56 
    Kermans 25 52 8 85 
    Recent 8 2 31 41 
  % Nubians 53.6 30.4 16.1 100 
    Kermans 29.4 61.2 9.4 100 
      recent 19.5 4.9 75.6 100 
  Cross-validated(a) Count Nubians 28 19 9 56 
    Kermans 27 50 8 85 
    Recent 8 2 31 41 
  % Nubians 50.0 33.9 16.1 100 
    Kermans 31.8 58.8 9.4 100 
      Recent 19.5 4.9 75.6 100 
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Figure (18): Canonical variates plotting of recent Northern Sudanese, Kermans and Nubians males 
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Figure (19): Canonical variates plotting of recent Northern Sudanese, Kermans and Nubians females 
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Table (29): Height-length index of Sudanese and universal series 
GROUP MALES FEMALES 
RECENT NORTHERN SUDANESE 70.6387 71.25421 
NUBIANS 72.35851 72.11924 
KERMANS 72.3652 72.58065 
JABAL MOYANS 76.24748 75.99589 
GIZEH 72.0509 72.57091 
SEDMENT 75.53601 75.47715 
THEBES 72.86104 72.58797 
ABYSSINIAN 72.67284 72.24443 
TEITA 70.14163 71.61172 
DOGON 74.35345 75.42837 
GABOON 75.4513 75.79997 
CONGO 75.2291 74.40042 
ZULU 72.20585 71.93786 
BUSHMAN 68.69958 69.59991 
COPTS 79.16384 76.021 
NORSE 69.89195 69.98555 
ZALAVAR 72.83938 72.97665 
BERG 72.23213 72.99009 
AUSTRALI 68.10833 68.21093 
TASMANIA 71.25045 71.06462 
TOLAI 73.49421 72.85641 
MOKAPU 77.31004 77.86647 
BURIAT 72.97297 74.0092 
ESKIMO 73.8477 73.41807 
PERU 73.34491 73.91124 
ANDAMAN 76.63283 77.14072 
ARIKARA 74.30353 74.11022 
AINU 72.93563 74.11324 
N JAPAN 74.73684 75.70869 
S JAPAN 76.30447 75.85947 
HAINAN 77.51039 77.43656 
ATAYAL 75.41878 76.93177 
GUAM 77.44253 78.10681 
BURMESE 78.38617 78.31832 
MALAYAN 78.64911 77.6253 
HINDU 74.97149 72.7899 
EASTER I 75.36909 75.83536 
MORIORI 72.18549 73.89132 
SANTA CR 71.7479 71.98281 
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Table (30): Gnathic index of Sudanese and universal series 
GROUP MALES FEMALES 
RECENT NORTHERN SUDANESE 97.6943 98.52926 
NUBIANS 95.72363 96.90377 
KERMANS 95.21642 98.00908 
JABAL MOYANS 99.31373 98.62874 
GIZEH 95.09088 95.16112 
SEDMENT 95.2381 94.72017 
THEBES 94.30815 95.05664 
ABYSSINIAN 95.39078 95.99579 
TEITA 100.2372 99.8548 
DOGON 101.5122 101.2754 
GABOON 100.2094 102.7233 
CONGO 98.24829 100.6323 
ZULU 100.3743 101.4803 
BUSHMAN 98.8417 98.84368 
COPTS 96.53465 98.95833 
NORSE 95.24915 96.61905 
ZALAVAR 95.82712 95.46161 
BERG 95.09147 96.76065 
AUSTRALI 103.4509 104.4613 
TASMANIA 103.5205 103.608 
TOLAI 105.4539 106.2245 
MOKAPU 97.52611 98.76787 
BURIAT 97.07247 97.81799 
ESKIMO 96.77534 99.22195 
PERU 98.20076 98.11217 
ANDAMAN 98.90411 101.599 
ARIKARA 95.87868 97.56973 
AINU 98.08482 97.498 
N JAPAN 97.00824 96.89428 
S JAPAN 97.42986 98.8811 
HAINAN 97.07328 98.60671 
ATAYAL 96.33803 97.22015 
GUAM 96.69736 96.40144 
BURMESE 98.07107 96.59212 
MALAYAN 98.69347 100.5285 
HINDU 95.86694 96.55172 
EASTER I 95.65377 96.86962 
MORIORI 97.55895 97.45286 
SANTA CR 101.6119 102.5868 
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Table (31): Cranial base length – cranial length index of Sudanese and 
universal series 
GROUP MALES FEMALES 
RECENT NORTHERN SUDANESE 52.48826 52.19528 
NUBIANS 55.12224 54.69733 
KERMANS 54.65709 54.47904 
JABAL MOYANS 55.50416 55.76989 
GIZEH 54.6814 54.61328 
SEDMENT 55.41506 54.77154 
THEBES 55.53134 55.10783 
ABYSSINIAN 54.30701 54.1976 
TEITA 55.55007 55.18544 
DOGON 55.42385 55.86174 
GABOON 55.87809 55.86058 
CONGO 55.20324 54.44944 
ZULU 55.09723 54.35852 
BUSHMAN 53.12457 53.38652 
COPTS 57.06214 56.00933 
NORSE 54.01312 54.06712 
ZALAVAR 54.70852 54.69848 
BERG 54.67419 54.48895 
AUSTRALI 53.58731 53.09774 
TASMANIA 53.8065 53.30971 
TOLAI 55.30797 54.75113 
MOKAPU 57.43001 57.84252 
BURIAT 56.07608 56.27655 
ESKIMO 56.55311 55.40204 
PERU 53.9436 53.59763 
ANDAMAN 55.58376 55.85535 
ARIKARA 57.29637 56.99258 
AINU 56.11361 55.90243 
N JAPAN 55.43198 55.89456 
S JAPAN 56.22725 55.4409 
HAINAN 56.3941 55.52365 
ATAYAL 55.31749 55.85034 
GUAM 56.55532 57.08091 
BURMESE 56.77233 56.3964 
MALAYAN 56.95478 56.44391 
HINDU 56.55644 53.2721 
EASTER ISLAND 57.91822 57.78933 
MORIORI 56.07598 56.85977 
SANTA CRUZ 54.11624 53.88547 
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Figure (20): Principle component analysis plotting of Sudanese and universal series males 
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Figure (21): Principle component analysis plotting of Sudanese and universal series females 
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CHAPTER 4 
4.1. DISCUSSION 
The morphological method of sexing and ancestral background studying 
is imperfect as it is prone to subjectivity of the examiner. It requires 
experience and it may, at times, produce misleading results. Efforts are, 
therefore, being constantly applied to improve it.  
However methods based on skeletal measurements are more accurate and 
are therefore used in the determination of sex and ancestral affiliation. 
The ancestral relationship was based on the principle indicating that 
morphological and metric similarity reflects genetic similarity(143). In 
this study cranial measurements were used to determine the sex and to 
discriminate between Nubians, Kermans and recent Northern Sudanese.  
The technique of discriminant function analysis overcomes some of the 
problems inherent in subjective methods of sexing and assessing the 
affiliation of skulls. It provides relatively simple, objective means of 
sexing material with a calculable reliability. Hence, it is increasingly 
utilized for sex and ancestral background determination from skeletal 
measurements.  
Each population group needs its own specific standards for osteologic 
determination of demographic characteristics such as sex and race as 
there are population differences in selection of dimensions used by the 
functions (1, 98, 116). Even when the same dimensions are chosen, the 
discriminant procedure quantifies the fact that contribution of each 
dimension to sexing accuracy and ancestral determination may vary from 
one group to another.  
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There are many factors that make populations different from each other. 
A population may go through secular change as a result of changes in 
nutrition and genetic constitution(170). Stini (171) demonstrated that 
protein deficiency can reduce sexual dimorphism and males may become 
less robust. Extreme division of labour may enhance or reduce 
musculoskeletal development and in turn sexual dimorphism(47). 
Changes in socioeconomic status and technology may alter sexual 
dimorphism as well(99).  
Yet, one important point remains unsolved, namely factors which lead to 
differential development of sexual dimorphism in a given part of a 
cranium. In northern Sudan, many of these factors changed due to 
immigration of different racial groups e.g. Arabs and also due to 
colonization of northern Sudan through time by Egyptians and Turks 
resulting in new mixtures.   
4.1.1. Sampling:  
This study was conducted using different crania from Nubia and Kerma 
housed in Great Britain, and recent Sudanese from Khartoum. Direct 
measurements were performed on crania from the Nubia and Kerma, 
while in recent Northern Sudanese samples measurements were made 
from computed tomography scans of skulls of patients (see material and 
methodology pp 55). Relevant data compiled from the literature was also 
used for comparison.  
Many studies were conducted previously on Nubia and Kerma. But these 
were mainly concerned with ethnic affinity. They attributed changes that 
happened in Nubian crania through time to Negroid Admixture(9, 153, 
172). However, this was not verified by later studies using different 
methods i.e. craniometric analysis, and  dental and cranial  traits, which 
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showed that the Nubians represented a broadly homogenous 
population(10, 148).    
Nubian area was later occupied by Arabs, Egyptian and Turks who 
inhabited mainly the northern region of Sudan, and due to the inter 
marriages a new group of people emerged. 
The cranial sexual dimorphism has not been investigated in recent 
Northern Sudanese, most likely due to religious backgrounds. Northern 
Sudanese do not allow human remains to be studied.   
4.1.2. Study limitations: 
In order to investigate sufficiently the sexual dimorphism in Sudanese 
and Nubians, and ancestry affiliation, much information must be 
obtained. Unfortunately, It is apparent that, due to the gaps in time and 
lack of definitive ancestry (genetically determined) backgrounds in the 
osteological collections, in addition to the lack of the presence of well 
preserved recent Sudanese osteological collection, and lack of positive 
collaborative intensions of local forensic institution, there are limitations 
to gathering a skeletal sample representing a complete set of Sudanese 
throughout time. But these data gaps should not limit attempts to examine 
the morphological variation of Nubian and Sudanese through time. 
The main restriction in any osteological study is inherent in the 
incomplete preservation of skeletal remains as it is rare to find all skeletal 
elements intact. This creates difficulties in studies utilizing skeletal 
remains. The factors affect the bone preservation can be either extrinsic 
or intrinsic. The extrinsic factors include: the nature and location of the 
deposition of the bodies, intrusions into burial sites, purposeful alteration 
of human remains, and actions of excavation and curation(173, 174). The 
intrinsic factors include  bone mass, mineral density and bone shape(174, 
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175). 
The other concern is that there is no published work in the Arab world 
using large amounts of cranial measurements, which makes the ethnic 
affinity of recent Northern Sudanese testing can only be compared to 
non-Arabs.  
4.1.3. Methods: 
There are clear limitations in using simple linear measurements to 
describe the morphology of a complex three-dimensional object as the 
skull. But it has been used extensively due to a number of factors. 
Calipers are relatively inexpensive and readily portable and so easy to 
travel with. It is less problematic than three-dimensional morphometric 
data in statistical analysis as it tends to be more normally distributed and 
thus more amenable to parametric analysis(134). 
The comparison between linear measurements using computed 
tomography (CT) in recent northern Sudanese and calipers in other data 
sets is reliable as Citardi et.al showed that differences between 
measurements obtained using CT model and calipers were not 
statistically significant(176). 
To ensure the reliability and validity of the measurements technique and 
its comparability to published work intra-observer and inter-observer 
errors were assessed and they showed clearly sound reproducibility and 
reliability. 
Cranial measurements used for the three groups initially were analysed 
separately with different numbers of variables. As the variation by sex 
may not be the same as the variation by ancestry “race” (33, 141), the two 
were treated separately. The sex determination was calculated in each 
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group separately. The three samples (Nubia, Kerma, and recent Northern 
Sudanese) were grouped together with the compiled data  using only 
seven measurement, these were all related to cranial lengths and height, 
to explore the ancestral relationship between them and to assess the 
pattern of sexual dimorphism using different statistical methods. Then 
statistical discrimination between males and females at different times 
was tested hoping to explore the ancestral relations (i.e. if the sex specific 
category can be discriminated with high success between various groups 
then there would be minimal relationship between the samples and vice 
versa).  
The seven variables used in recent Northern Sudanese could be measured 
easily using computed tomography; they were not affected by the 
probable errors due to asymmetry or obliquity in axial CT images, and 
did not require wider field of view.  
Very few variables in the present study showed some violation of 
normality. However, this will not affect the outcome of multivariate 
statistics used in this study because of its robusticity and the relatively 
large sample(166, 177). 
4.1.4. Sexual variability: 
4.1.4.1. General trend in Sudanese and Nubians: 
Most of the measurements used in Nubia, Kerma, recent Northern 
Sudanese and Jebel Moya showed larger values for males compared to 
females indicating size difference between males and females. This 
finding agreed with variable studies using craniofacial dimensions which 
reported that males had larger size than females. This was attributed to 
the fact that females reach skeletal maturity two years earlier than males 
and also to genetic and hormonal factors (2, 35, 39, 116).  
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The orbital height consistently approached unity indicating that it was not 
affected by the sex, this agreed with the study in south African and black 
Americans (178). In Nubians the greatest male/female ratio was 
persistently associated with mastoid process and frontal bone growth 
evident by glabellar and supraorbital projections .These were most likely 
due to the differential growth of the frontal sinus and the muscle mass 
difference. Regarding recent Sudanese the largest ratios were obtained 
utilizing length variables i.e. maximum cranial length and cranial base 
length. These could be either due to differences in general cranial size or 
early closure of midline cranial sutures giving rise to increase in anterio-
posterior extension of cranial base and length as compensation to brain 
extension. In Jebel Moyans the maximum ratio was in the occipital cord. 
The standard deviations of female measurements was smaller than those 
for the males for most measurements of the same population and this was 
expected due to the previous findings, that females tended to have smaller 
size crania than males.  
Although  some authors reported that sexual dimorphism related to 
cranial morphology is very low in humans (136, 137), this study showed 
that most of the cranial measurements were statistically sexually 
dimorphic. The facial and basal breadth measurements showed the 
greatest sexual variation in Kermans, while mastoid length, facial breadth 
and cranial length were more sexually dimorphic in Nubians. As no 
breadth measurement was conducted in the recent population, the greatest 
dimorphism was evident in cranial length and facial projection. This 
agrees with previous studies which showed that the sexually dimorphic 
dimensions are different among different populations and that in general 
the facial breadth and cranial length tended to be highly dimorphic(121, 
122).  
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4.1.4.2. Discrimination between sexes: 
As human skeletal remains are frequently incomplete, the diagnosis of 
sex was made with complete or different regions of the skull i.e. vault, 
base, and face. The whole cranium showed high degree of discrimination 
between sexes with 88.7%, 90.2%, 83.6% success for Nubians, Kermans 
and recent Northern Sudanese consecutively. This lower success rate in 
recent Northern Sudanese can be explained by the fact that there was no 
breadth dimensions utilized for them; thus if these dimensions were 
included a higher prediction success rate could be anticipated.  
For the face the success rate was 83.2% for Nubians, 90.2% for Kermans 
and 70 % for recent Northern Sudanese (using one variable). This shows 
that Kermans had a better discrimination using face dimensions. This 
difference in discrimination may indicate some sort of incoming genes 
into Kerma from a different part or it may be due to internal variability of 
the population. Howells reported that the low sexual dimorphism 
concerning the face of eastern Africans is due to endogamy(169). If this 
is considered with the historical position of Kerma it may favor the 
incoming gene postulation, possibly due to slave trading with old Egypt. 
Interestingly the recent Sudanese sexes were discriminated with relatively 
high success using dimensions reflecting facial forward projection. This 
could be either due to ancestral differences i.e. different genetic 
background of males and females or that males had a longer pubertal 
growth spurt than the common 2 years which gave them more years for 
cranial growth than females; there were no obvious differences in dietary 
habits observed in males and females which almost exclude the dietary 
adaptive lengthening changes possibility. 
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For the base the success rate was 88.7% for Nubians and 85.9% for 
Kermans which are relatively high. The base shows better discrimination, 
better than the face and vault in Nubians.This may be attributed to 
differences in muscle mass or due to a large temporal period of the 
sample associated with changes in dietary habits which in turn affect the 
masticatory apparatus which affect the face and vault size(99). This 
agrees with Ribot (156) who found that the base is  more sexually 
dimorphic in Sub-Saharan east and west Africans compared to the rest of 
the world.   
The vault achieved a success rate of 82.4%, 82.5% and 78.3% for Nubia, 
Kerma and for recent Northern Sudanese (using one variable) 
respectively. The vault consistently showed a lower success rate in 
prediction than the face and base in Nubia and Kerma but not in recent 
Sudanese who achieved a relatively high discrimination even with one 
variable. This result does not agree with the findings of Ribot(156) who 
claimed that in a world wide scale the size of the vault is more sexually 
dimorphic than the size and shape of the face(122).  The above mentioned 
results can be attributed to the type and number of variables used in this 
study but still it can be due to the fact that the vault follows the neural 
growth curve which ceases before the somatic one and thus shows 
relatively less change afterwards compared to the face especially if males 
have longer secondary growth spurt. Also the neurocranial growth is 
multifactorial, so we should not expect that the whole world have the 
same pattern of factors. In contrast the recent Northern Sudanese had a 
relatively high prediction and this could give a clue to the importance of 
the general size of the cranium. Nubians and Kermans had relatively 
smaller cranial size than recent Northern Sudanese in term of lengths, 
which could minimize the magnitude of changes that happened after 
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puberty. These findings agree with the results of Howell who suggested 
that sexual dimorphism can vary slightly between different populations 
and different parts of the skull used(169).  
Sex prediction using the complete cranium was better than using 
fragmentary crania in the three groups. The various equations showed 
high degrees of sex prediction which was confirmed with cross 
validation.  
The success rate obtained in this study are higher than those obtained in 
various parts of the world e.g. South Africans, White and Black 
Americans (82-89%), and Japanese who showed 84.1% for crania and 
mandible; but they are less than those obtained in Indians (99%) and 
Chinese (96.7%); they are, however, similar to Cretan who showed a 
success rate of 88.2% for the crania and 83% for the vault (25, 117, 120, 
121). 
The most common studied population in Africa are the South Africans 
who were studied by various researchers using different parts of the 
crania. Eight South African cranial measurements were used to predict 
sex in three dimensional approaches. They reported results showing an 
overall success of 77-80%. The lowest accuracy was obtained for the 
bizygomatic breadth(123).This finding did not agree with what was found 
in white South Africans and the other results reported in black South 
Africans in whom the bizygomatic breadth was the most sexually 
dimorphic(122, 178).The success rate of sex prediction using complete 
white South Africans crania (85.7%) was better than when using 
fragmented ones (83.5% for vault and 81.1% for face) (122).  
Dayal et.al used fourteen cranial and six mandibular measurements in 
black South Africans. They achieved an average accuracies ranging 
 158 
between 80% and 85%(178). The equations developed by Iscan(122) 
were later tested in three local South Africans and reported results of 
average accuracy of 85.7% for cranium and 83.5% for vault(179). 
4.1.5. Sexual dimorphism worldwide:  
In order to compare sexual dimorphism in the present sample and those 
compiled from the literature, a standardized method was used to calculate 
the differences associated with unequal sample size. The method used in 
this study was adopted from Frayer(167) and it was used later by 
Ribot(156),( see page 62 and 63 for details). Seven dimensions were 
performed in recent Sudanese: five belonging to the vault and two to the 
face.  
The recent Sudanese showed the highest sexual dimorphism percentage 
in the face midline projection followed by Nubians and the least 
dimorphism was in Kerma. This indicates the importance of breadth 
measurements in the face of Kermans more than the forward projection. 
The Jebel Moyans showed more sexual dimorphism in the vault 
compared to the other three groups. On looking at each variable 
separately the cranial length, cranial base length, and lower facial 
projection were more sexually dimorphic in the recent Northern Sudanese 
compared to Nubians, Kermans and Jebel Moyans. This indicates that the 
recent Northern Sudanese males have generally longer antero-posterior 
dimensions compared to their female counterpart in comparison to the 
other three groups. In this respect some questions may be raised. Are 
these people different originally, so that the general increase in length is a 
phylogenetic expression of a particular ancestry? Or can it be due to 
dietary changes from having soft food to excessive meat consumption 
which in turn results in adaptive increased length of crania? If that is so, 
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do males have preference in dietary type? Is it possible that the 
lengthening is a compensatory evolutionary change due to the narrow 
base of the skull of recent Sudanese which is more evident in males? 
However, if there is male dietary preference, then the base should be 
broad to enhance the biting force. The other possibility is the climate role. 
There is a negative correlation between the breadth and temperature but 
the hot climate is also present in Nubia and Kerma groups. Increased 
temperature is usually associated with smaller crania but this is not  the 
case in recent Northern Sudanese (64, 65). Thus the most likely 
explanation is that this difference is perhaps due to genetic causes which 
resulted in different sex growth pattern affecting the overall size.  
The parietal cord showed the least sexual dimorphism in recent 
population which may indicate similar pattern of neural growth or genetic 
proximity in determination of parietal bone growth. The Kerma 
population showed minimal sexual dimorphism in facial projection and 
cranial height and this may be due to genetic factors. The Jebel Moyans 
had a very high sexual dimorphism in both occipital and parietal cords 
and this may indicate different ancestral origin from Nubians, Kermans 
and Northern Sudanese.  
The recent Northern Sudanese had the same pattern of cranial length, 
cranial base length and upper facial height sexual dimorphism as Gizeh, 
Teita and Sedment. Similar findings based on different dicriminant 
functions were reported by Rightmire and Woo(136, 159). These authors 
suggested that this pattern could be explained on the bases of hybrid 
nature of populations resulting from mixture with a different ethnic group 
(non-African). Most of other Africans had lower sexual dimorphism 
percentage and this may be attributed to the smaller general size of the 
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crania. This is more obvious in central and west African compared to the 
eastern African. 
The cranial height sexual dimorphism pattern was variable; this may be 
due to the internal variability of the populations. The Nubians, Kermans 
and Jebel Moyans showed generally higher sexual dimorphism than 
recent northern Sudanese with respect to frontal and occipital cords. This 
may be due to genetic factors or micro evolutionary changes causing 
different patterns of growth of vault and/or differences in angulations of 
the bones. Comparing the sexual dimorphism percentage in face and vault 
mean values the recent Northern Sudanese, Teita (Kenya), Sedment and 
Gizeh (Egypt) showed the same general pattern, with the face being 
always superior to the vault. This facial preference was not marked in 
Bushman (South Africa) and Mali. These findings may be attributed to 
ancestral differences in sexual dimorphism but they can also be attributed 
to differences in the size of the skull. 
The sexual dimorphism percentage mean values showed that the recent 
Sudanese had higher variability between males and females than most 
Africans concerning the vault mean. The results also showed that, in 
general, the recent Sudanese had a higher sexual dimorphism percentage 
compared to central and west Africans.  
The interpretation of the above results should be evaluated with caution 
as the variables used were limited and were confined to length and height 
measurements only. There was complete absence of any variable in the 
base. Yet, in spite of that, these results were well in line with Howells 
who reported that the levels of sexual dimorphism in modern populations 
were relatively similar on world wide scale. He also reported that any 
differences in sexual dimorphism between populations may depend on 
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either the geographical background of the sample or the part of the skull 
used(169).  
In general the results of the present study using sexual dimorphism 
percentages obtained from mean values agree with previous studies 
conducted by Howells, Lahr, and Ribot using different discriminant 
functions which showed that Australians, Oceanians, and Polynesians 
were more dimorphic than the rest of the world(136, 137, 156, 169). 
4.1.6. General morphological pattern of Sudanese crania: 
In order to investigate the morphological pattern of the present series in 
two dimensions, three indices were calculated (see material and 
methodology page pp 58). The findings indicated that the recent Northern 
Sudanese had long cranial length and a moderate vault height while the 
Jabal Moyans had short crania and high vault. The recent Sudanese had a 
lower cephalic height index compared to Nubians, Kermans, Jebel 
Moyans, and most Africans. Kenyans and North Europeans were similar 
to recent Northern Sudanese. This feature of dolichocephalism is 
attributed more to the length differences rather than cranial vault height 
differences and this may be due to genetic difference or environmental 
factors. Ribot reported that the dry heat is associated with elongation of 
the vault for males and females(156). The highest indices were found in 
Asians and Polynesians. The general pattern showed that there is a 
tendency of increase of cranial height from east to West Africa. The 
recent and old Sudanese with exception of Jebel Moyans are 
“Orthocranial”.  
Jebel Moyans like most West African, Asian and Polyneasian, were 
Hypsicranial. This agreed with the previous results obtained by 
Mukherjee et.al. who showed that Moyans were closer to West Africans 
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than Egyptians and Nubians, they attributed this to three large dimensions 
viz. cranial height, nasal height, and bimaxillary breadth(10). 
It is of interest to see that the base length of the skull of the recent 
Sudanese appears different from other groups as it showed relatively 
smaller ratio to cranial length. This may be explained by the fact that the 
recent Northern Sudanese have a larger maximum cranial length 
compared to others while their cranial skull base is similar to Kermans 
and Nubians. 
The present study showed that females tended to have longer frontal 
profile in most of the universal series. The recent Northern Sudanese and 
Jabal Moyans males and females, and female Kermans are found to be 
mesognathous. Egyptian males and females, Nubians males and females 
and Kermans males are orthognathus. The greatest prognathus was found 
in Oceanian and Polyneasians. These findings concur with Howells 
findings using discriminant functions(136)  
4.1.7. General location of Sudanese in the world: 
Craniometrical data was analyzed to assess craniometrical relationship 
between recent Northern Sudanese, Kermans, Nubians, Jebel Moyans 
with other universal series based on the basic principle that 
morphological and metric similarity may reflect genetic similarity. To 
accomplish this, two multivariate statistical procedures were used: 
Principle component analysis to determine the ancestral relationships of 
Sudanese series (Nubia, Kerma, recent Northern Sudanese, and Jebel 
Moya) to global series and to each others. While the discriminant 
functions analysis was used to develop functions that would predict 
ancestral affinity of Kermans, Nubains, and recent Northern Sudanese to 
each others. 
 163 
The results of this analysis demonstrated that the recent northern 
Sudanese had commonality with Africans more than the rest of the world 
but still they were distinct from Sub-Saharan Africans. The closest groups 
were Kermans, Nubians, Gizeh and Abyssinians.  
The results also showed clearly that the size of the cranium is important 
in differentiation between the Africans and Oceanians at one end and 
Asians and Polynesians at the other end. The shape separates mainly 
recent Northern Sudanese, Kermans, Nubians and Abyssinians from Sub-
Saharan Africans. The clustering of groups using principle components in 
this study showed good correlation with the geographic localities of data 
with few exceptions which can be attributed to the dimensions used or 
inter regional variability.  
The Jebel Moyans were located closer to Asians, Andaman and Guam 
than to other Sudanese and Africans (see figure 21 and 21). This finding 
agreed with previous studies which rejected any relation between Moyans 
and their neighbours i.e. ancient Nubians, Naqada, Arabs, and southern 
Sudanese. Mukherjee  stated that “it is clear that to determine the proper 
racial position of the Jebel Moya series among the present inhabitants of 
Sudan is almost impossible”(10).This can be explained by the fact that 
Moyans had mosaic features indicating  uniform, although distinct, 
bioculture amalgam i.e. they had some African and some non-African 
features.  
The recent Northern Sudanese, Nubian and Kerman males and females 
showed similar position compared to worldwide series (see figure 21 and 
21). Unfortunately, there is no published data regarding Arabs crania or 
nearby regions to Sudan which used comparable measurements. The 
other interesting result was that the recent Northern Sudanese females 
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were more distinct than males, compared to worldwide series. This is 
mainly due to the large size of cranial and parietal cord length in recent 
northern Sudanese females. 
The results indicate that although the recent Sudanese are closer to 
Nubians and Kermans than other Africans, they are more distinct and the 
probable explanation of that is a new genetic flow to the area. This can be 
caused by genetic variation and/or cultural changes i.e. urbanization and 
environmental adaptation. Cultural changes and environmental plasticity 
are not satisfactory explanations for the variations in cranial morphology 
noted in the analyzed series. Nubia and Northern Sudan exhibit a 
relatively uniform temperature environment. Significant cultural changes 
as urbanization or change from primary agricultural society to partial 
reliance on manufacture did not occur until the last century and it is rather 
limited. Therefore, the cranial morphology variations observed in this 
case primarily reflect ancestral affiliation of the inhabitants, and possible 
migrations that came to that place through time. The distinction of recent 
Northern Sudanese from most other groups studied makes the possibility 
that these changes might have been due to Arabic gene inflow more 
appealing. 
This research also resulted in the development of effective discriminant 
functions to discriminate between recent Northern Sudanese, Nubia and 
Kermans. The accuracies achieved were higher in males than females, 
although both were generally low (63.3% and 63.4% respectively). The 
low levels of accuracy obtained in this study suggest some degree of 
genetic mixture between Nubians, Kermans and recent Northern 
Sudanese. The results also showed a low degree of variability between 
Kermans and Nubians. This indicates that these two groups might have 
been genetically close to each other. The recent Northern Sudanese are 
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well discriminated from old Nubia inhabitants (Nubians and Kermans) 
with success rate of 84.1% for males and 75.6% for females. These 
findings are expected as Sudan was exposed  to repeated migratory waves 
of Arabs into the Nile Valley over a long period of time in the 7th century 
A.D through Nubia(152). 
This is the first craniometrical data in Sudan which indicates that most of 
the recent northern Sudanese have common craniometric features with 
Africans in general and especially with Nubians, Kermans and 
Abyssinians. This may indicate that most of Arab immigrants were males 
who bred with native Nubian females thus resulting in the developing of 
hybrid population. These results are in line with what has been shown 
lately in the genetic patterns of Sudanese chromosomes (180). 
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4.2. CONCLUSIONS 
 
• Basic craniometrical data have been established. This can be used 
in the future for further comparative studies in the Sudan and Arab 
world. 
• This study resulted in the development of population specific 
osteometric standards designed for sex assessment and prediction 
of ancestral relationship from the crania of ancient and recent 
Northern Sudanese with high predictive accuracy. This has 
multiple implications on archaeology, anthropology, and forensic 
medicine. 
• Patterns of sexual differences were found to be different amongst 
Nubians, Kermans and recent Northern Sudanese. These were 
compared to global data.  
• The recent Northern Sudanese have long cranial length and parietal 
cord length. They, therefore, can be easily separated from other 
populations who had similar studies. These differences may be due 
to genetic factors affecting growth and/or size, or micro 
evolutionary process. Nevertheless, Northern Sudanese have in 
addition some craniometrical features in common with Nubians 
and Africans. 
• The study results show that males in recent Northern Sudanese can 
be discriminated from Nubians and Kermans better than females. 
In this thesis postulation has been made that this may be due to 
genetic inflow. This is in line with recent published genetic studies 
reporting gene flow of Arabic nature in Sudanese. 
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4.3. RECOMMEDATIONS  
 
1. It is high time to develop a Sudanese osteological museum 
containing all osteological collections from different excavations 
and recent corpses from different mortuaries to have well 
documented remains that can be utilized in the study of Sudanese 
bones from different perspectives. 
2. A research centre is needed with a collaborative team to conduct 
new researches on different aspects (osteology, genetics, 
pathology, radiology, orthopedics and forensic).Adequate funding 
is essential. This type of research has multiple implications, with a 
high pay back. 
3. Sudanese postcrania need to be studied and compared to the 
findings of this study. 
4. This and other Sudanese crania from different tribes need to be 
studied and compared using more dimensions than what has been 
used in the present thesis. This may further be complemented by 
using genetic studies to develop a phylogenic tree of Sudanese. 
5. The ancestral relation of Jebel Moyans to Asians need to be 
investigated more using more variables and also via molecular 
biology. 
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Appendix 2: Descriptive data (in mm) with paired t-test and correlation 
coefficients for the intra-observer error (Nubian cranial sample) 
Variable  Number Mean 1a Mean 1b Mean  Paired r 
        differences  t-test   
GOL 20 180.15 180.2 -0.05 NS 0.998 
NOL 20 178.25 178.05 0.20 NS 0.997 
BNL 20 97.95 97.65 0.30 NS 0.996 
BBH 20 129.6 129.2 0.40 NS 0.979 
XCB 20 134.35 134.2 0.15 NS 0.994 
XFB 20 113.6 114.1 -0.50 NS 0.989 
STB 20 109.9 109.8 0.10 NS 0.997 
ZYB 20 123.8 123.6 0.20 NS 0.988 
AUB 20 115.65 115.95 -0.30 NS 0.998 
WCB 20 68.35 68.1 0.25 NS 0.962 
ASB 20 104.85 104.55 0.30 NS 0.995 
BPL 20 95.55 95.78 -0.23 NS 0.979 
NPH 20 63.85 63.65 0.20 NS 0.942 
NLH 20 50.2 50.56 -0.36 NS 0.939 
OBH 20 33.25 33.15 0.10 NS 0.925 
OBB 20 38.2 37.95 0.25 NS 0.926 
JUB 20 109.45 109.6 -0.15 NS 0.994 
NLB 20 25.65 25.45 0.20 NS 0.932 
MAB 17 61.47 61.37 0.10 NS 0.977 
MDH 20 29.9 30.3 -0.40 NS 0.960 
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Appendix 2 Continued: Descriptive data (in mm) with paired t-test and 
correlation coefficients for the intra-observer error (Nubian cranial 
sample) 
Variable  Number Mean 1a Mean 1b Mean  Paired r 
        differences  t-test   
MDB 20 13.7 13.55 0.15 NS 0.919 
ZMB 20 94.65 94.9 -0.25 NS 0.985 
SSS 20 23.05 23.15 -0.10 NS 0.968 
FMB 20 94.65 94.5 0.15 NS 0.989 
NAS 20 17.4 17.55 -0.15 NS 0.930 
EKB 20 94.8 95.2 -0.40 NS 0.990 
DKS 20 10.35 10.25 0.10 NS 0.907 
DKB 20 21.95 21.75 0.20 NS 0.970 
WNB 20 10.45 10.33 0.12 NS 0.994 
IML 20 34.95 34.85 0.10 NS 0.968 
XML 20 52.25 51.85 0.40 NS 0.977 
MLS 20 10.95 11.05 -0.10 NS 0.921 
WMH 20 21.05 21.19 -0.14 NS 0.988 
SOS 20 5.65 5.62 0.03 NS 0.965 
GLS 20 2.2 2.25 -0.05 NS 0.913 
FOL 20 34.2 33.92 0.28 NS 0.966 
FRC 20 109.4 109.23 0.17 NS 0.982 
FRS 20 26.4 26.28 0.12 NS 0.976 
FRF 20 47.75 47.98 -0.23 NS 0.981 
PAC 20 116.7 117.1 -0.40 NS 0.995 
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Appendix 2 Continued: Descriptive data (in mm) with paired t-test and 
correlation coefficients for the intra-observer error (Nubian cranial 
sample) 
Variable  Number Mean 1a Mean 1b Mean  Paired r 
        differences  t-test   
PAS 20 26.15 26.08 0.07 NS 0.987 
PAF 20 60.65 60.85 -0.20 NS 0.988 
OCC 20 95.45 96.25 -0.80 NS 0.928 
OCS 20 27 26.8 0.20 NS 0.972 
OCF 20 40.65 40.55 0.10 NS 0.991 
VRR 20 120.45 120.1 0.35 NS 0.996 
NAR  20 93.75 94.05 -0.30 NS 0.993 
SSR 20 94.25 94.45 -0.20 NS 0.983 
PRR 20 99.9 100.2 -0.30 NS 0.944 
DKR 20 80.5 80.2 0.30 NS 0.965 
ZOR 20 80.9 80.5 0.40 NS 0.996 
FMR 20 75.9 76.75 -0.85 NS 0.995 
EKR 20 70.45 70.95 -0.50 NS 0.995 
ZMR 20 72.1 71.8 0.30 NS 0.987 
AVR 18 80.83 81.33 -0.50 NS 0.978 
BRR 20 117.85 117.69 0.16 NS 0.998 
LAR 20 105.05 105.25 -0.20 NS 0.988 
OSR 20 39.8 40.2 -0.40 NS 0.951 
BAR 20 15.45 15.15 0.30 NS 0.988 
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Appendix 2 Continued: Descriptive data (in mm) with paired t-test and 
correlation coefficients for the intra-observer error (Kerman cranial 
sample) 
Variable  Number Mean 2a Mean 2b Mean  Paired r 
        differences  t-test   
GOL 19 186.87 186.82 0.05 NS 0.999 
NOL 19 184.47 184.55 0.08 NS 0.999 
BNL 16 101.91 101.87 0.04 NS 0.998 
BBH 16 134.94 134.63 0.31 NS 0.979 
XCB 19 133.42 133.25 0.17 NS 0.992 
XFB 18 113.06 113.25 0.19 NS 0.994 
STB 19 109.97 110.20 0.23 NS 0.991 
ZYB 15 130.07 129.73 0.33 NS 0.968 
AUB 19 118.89 118.64 0.25 NS 0.998 
WCB 14 70.18 70.32 0.14 NS 0.952 
ASB 19 105.97 105.82 0.15 NS 0.994 
BPL 13 96.22 95.99 0.22 NS 0.988 
NPH 13 64.87 64.98 0.12 NS 0.948 
NLH 14 50.27 50.14 0.13 NS 0.945 
OBH 14 32.22 32.39 0.17 NS 0.939 
OBB 14 38.67 38.90 0.23 NS 0.928 
JUB 14 115.41 115.29 0.13 NS 0.998 
NLB 14 25.94 25.85 0.10 NS 0.976 
MAB 14 64.27 63.94 0.33 NS 0.948 
MDH 14 30.29 30.63 0.34 NS 0.919 
MDB 14 15.71 15.57 0.14 NS 0.937 
ZMB 14 97.50 97.64 0.14 NS 0.995 
SSS 14 21.32 21.25 0.07 NS 0.988 
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Appendix 2 Continued: Descriptive data (in mm) with paired t-test and 
correlation coefficients for the intra-observer error (Kerman cranial 
sample) 
Variable  Number Mean 2a Mean 2b Mean  Paired r 
        differences  t-test   
FMB 14 98.17 98.00 0.17 NS 0.995 
NAS 14 18.29 18.36 0.07 NS 0.983 
EKB 14 98.32 98.17 0.15 NS 0.986 
DKB 13 11.04 11.12 0.09 NS 0.957 
WNB 14 11.04 11.10 0.07 NS 0.960 
IML 14 38.98 38.87 0.11 NS 0.996 
XML 13 54.73 54.56 0.16 NS 0.968 
MLS 18 11.54 11.69 0.15 NS 0.977 
WMH 18 23.19 22.89 0.30 NS 0.911 
SOS 16 6.39 6.44 0.06 NS 0.938 
GLS 15 2.72 2.83 0.11 NS 0.905 
FOL 20 35.92 36.15 0.23 NS 0.929 
WFM 20 30.55 30.41 0.14 NS 0.946 
FRC 20 113.48 113.16 0.32 NS 0.971 
FRS 20 27.13 27.23 0.10 NS 0.986 
FRF 20 50.95 50.75 0.20 NS 0.983 
PAC 19 117.33 117.10 0.23 NS 0.998 
PAS 19 25.03 25.13 0.10 NS 0.991 
PAF 19 58.95 59.10 0.15 NS 0.988 
OCC 18 98.42 98.90 0.47 NS 0.968 
OCS 19 28.08 28.18 0.11 NS 0.932 
OCF 14 42.11 42.26 0.16 NS 0.995 
VRR 14 121.49 121.22 0.27 NS 0.991 
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Appendix 2 Continued: Descriptive data (in mm) with paired t-test and 
correlation coefficients for the intra-observer error (Kerman cranial 
sample) 
Variable  Number Mean 2a Mean 2b Mean  Paired r 
        differences  t-test   
NAR 14 95.59 95.69 0.11 NS 0.993 
SSR 14 95.69 95.55 0.14 NS 0.983 
PRR 14 102.96 102.71 0.25 NS 0.941 
DKR 14 83.38 83.18 0.20 NS 0.955 
ZOR 14 83.12 83.26 0.14 NS 0.996 
FMR 13 78.82 78.96 0.14 NS 0.995 
EKR 19 73.12 72.88 0.24 NS 0.975 
ZMR 19 75.40 75.23 0.17 NS 0.996 
AVR 18 82.59 82.41 0.17 NS 0.997 
BRR 16 118.08 117.97 0.11 NS 0.999 
LAR 19 109.72 109.81 0.09 NS 0.990 
OSR 18 41.80 41.55 0.25 NS 0.985 
BAR 17 18.86 18.65 0.21 NS 0.992 
ftft 19 92.32 92.47 0.16 NS 0.990 
fmt fmt 19 104.38 104.17 0.21 NS 0.993 
BIMAS 15 99.09 99.31 0.22 NS 0.997 
PP 15 113.13 113.03 0.11 NS 0.998 
Mbsl 20 123.32 123.57 0.26 NS 0.995 
Q 20 300.93 301.07 0.13 NS 0.998 
Q1 19 304.40 304.93 0.53 NS 0.991 
FARCH 19 129.43 129.23 0.20 NS 0.996 
PARCH 20 130.33 130.50 0.17 NS 0.992 
OARCH 19 118.45 118.91 0.46 NS 0.944 
TOTARCH 19 378.0263 378.8421 0.82 NS 0.936 
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Appendix 2 Continued: Descriptive data (in mm) with paired t-test and 
correlation coefficients for the intra-observer error (recent Sudanese 
cranial sample) 
NS=p-Value>0.05, r=correlation coefficient 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable  Number Mean 3a Mean 3b Mean  Paired r 
        differences  t-test   
GOL 20 191.65 191.8 0.15 NS 0.989 
BNL 20 100.15 110.01 0.14 NS 0.990 
BBH 20    136.5 135.9 0.6 NS 0.959 
BPL 20 100.2 100.5 0.3 NS 0.993 
FRC 20 113.85 114.1 0.25 NS 0.996 
PAC 20 124.75 124.3 0.45 NS 0.987 
OCC 20 97.3 96.95 0.35 NS 0.993 
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Appendix 3: Descriptive data (in mm) with paired t-test and correlation 
coefficients for the inter-observer error (Kerman cranial Sample)  
Variable  Number Mean 4a Mean 4b Mean  Paired r 
        differences  t-test   
GOL 20 185.57 185.50 0.07 NS 0.999 
BNL 19 101.46 101.81 0.34 * 0.996 
BBH 20 133.58 133.50 0.08 NS 0.997 
XCB 20 133.43 133.25 0.18 NS 0.994 
ZYB 20 126.41 126.00 0.41 * 0.998 
ASB 20 105.88 106.02 0.13 NS 0.988 
BPL 17 98.48 98.06 0.43 NS 0.993 
FRC 20 112.00 111.63 0.36 NS 0.996 
PAC 20 114.86 114.61 0.25 NS 0.989 
OCC 20 96.33 95.98 0.35 * 0.996 
ft-ft 20 92.11 92.63 0.52 NS 0.849 
FARCH 20 127.17 126.92 0.25 NS 0.996 
PARCH 20 130.96 130.67 0.29 NS 0.992 
OARCH 20 115.54 115.58 0.04 NS 0.977 
TOTARCH 20 373.67 373.08 0.58 NS 0.997 
NS= p-Value >0.05, r= correlation coefficient  
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Appendix 4: Eigenvalues, and variance of principle component analysis 
using males’ means: 
PC  Eigenvalue  % Variance 
1  0.00018  58.26100 
2  0.00007  21.54100 
3  0.00002  5.66590 
4  0.00001  2.70120 
5  0.00001  2.42070 
6  0.00000  1.19240 
7  0.00000  1.08230 
8  0.00000  0.87289 
9  0.00000  0.79358 
10  0.00000  0.76486 
11  0.00000  0.72920 
12  0.00000  0.58353 
13  0.00000  0.52500 
14  0.00000  0.44097 
15  0.00000  0.35407 
16  0.00000  0.32668 
17  0.00000  0.28810 
18  0.00000  0.21195 
19  0.00000  0.19891 
20  0.00000  0.16710 
21  0.00000  0.14817 
22  0.00000  0.11695 
23  0.00000  0.11376 
24  0.00000  0.10325 
25  0.00000  0.09473 
26  0.00000  0.09281 
27  0.00000  0.07418 
28  0.00000  0.06967 
29  0.00000  0.04055 
30  0.00000  0.02531 
31  0.00000  0.00000 
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Appendix 5: Eigenvalues, and variance of principle component analysis 
using females’ means: 
PC  Eigenvalue  % Variance 
1  0.00023  60.21400 
2  0.00007  19.92700 
3  0.00002  5.40720 
4  0.00002  4.52490 
5  0.00001  1.95050 
6  0.00001  1.67660 
7  0.00000  1.02880 
8  0.00000  0.70642 
9  0.00000  0.59343 
10  0.00000  0.54227 
11  0.00000  0.51549 
12  0.00000  0.44497 
13  0.00000  0.36487 
14  0.00000  0.32027 
15  0.00000  0.27769 
16  0.00000  0.26738 
17  0.00000  0.21316 
18  0.00000  0.17962 
19  0.00000  0.15854 
20  0.00000  0.14791 
21  0.00000  0.10251 
22  0.00000  0.08417 
23  0.00000  0.08238 
24  0.00000  0.07319 
25  0.00000  0.05592 
26  0.00000  0.04765 
27  0.00000  0.03460 
28  0.00000  0.02851 
29  0.00000  0.01933 
30  0.00000  0.01079 
31  0.00000  0.00000 
 
 
